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ABSTRACT
The design, functionalization, characterization, and applications of magnetic
nanoparticles have garnered significant interest over the past several decades. While this
area has garnered increasing attention, several questions remain unanswered about the
stability of these systems and it’s influence on their biomedical applications. To help
answer these questions about the stability of these, a novel tri(nitroDOPA) terminated
polymer based ligand has been developed for the stabilization of magnetite nanoparticles.
The synthesis involves a process in which ethylene oxide is polymerized using a trivinyl
initiator, modified with carboxylic acid using a free radical addition of
mercaptoundecanoic acid, and then functionalized with nitroDOPA using N,Ndicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) chemistry. This
polymer has displayed robust adhesion even in harsh chemical environments, out
performing many polymers used today for the stabilization of magnetite. Along these
same lines, the effects of instability of these systems were analyzed in both MRI and
magnetic hyperthermia applications. It is widely known that formation of linear
aggregates (i.e. chains) occurs in more concentrated ferrofluids systems and that this has
an affect on the ferrofluid properties. It has been recently reported that for some
suspensions of magnetic nanoparticles the transverse proton relaxation rate, R2, is
dependent on the time that the sample is exposed to an applied magnetic field. This time
dependence has been linked to the formation of linear aggregates or chains in an applied
magnetic field via numerical modeling. In this work the relationships between colloidal
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stability, the formation of these linear structures, and changes observed in the proton
transverse relaxation rate and heating rate in magnetic hyperthermia of aqueous
suspensions of magnetic particles are examined. The results indicate that varying the
ligand length has a direct effect on the colloidal arrangement of the system in a magnetic
field, producing differences in the rate and size of chain formation, and hence systematic
changes in transverse relaxation and heating rates. With increasing ligand brush length,
attractive inter-particle interactions are reduced, which results in slower aggregate
formation and shorter linear aggregate length. These results have implications for the
stabilization, characterization and potentially the toxicity of magnetic nanoparticle
systems used in biomedical applications.
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CHAPTER 1: THE DESIGN, SYNTHESIS, AND APPLICATIONS OF
MAGNETITE NANOPARTICLES
1.1

Introduction

The design, functionalization, characterization, and applications of magnetic
nanoparticles have garnered significant interest over the past several decades. Such
nanoparticles are mainly composed of iron, nickel, platinum, and cobalt, and they have
been used in a wide range of applications ranging from catalysis1, 2 to data storage.3, 4
However, one of the more studied areas involves the use of magnetite nanoparticles in
biomedical applications. These applications include cell separations,5, 6 magnetic
resonance imaging (MRI) contrast agents,7-11 drug delivery vessels,12 and cell destruction
using magnetic hyperthermia.13-20 These advances will potentially enable doctors to
locate, image, and destroy cancerous tissue with a low number of treatments in a short
amount of time. These potential applications all hold promise based upon the ability to
specifically manipulate the response of magnetic particles in a magnetic field, which
enables a specific task to be performed. In the case of magnetic nanoparticle contrast
agents, particles are used to introduce local magnetic field inhomogeneities to influence
the surrounding proton relaxation rates in patient tissue. This allows doctors to
distinguish clearly between healthy and diseased tissue and make an accurate diagnosis.
For use in magnetic hyperthermia, particles are specifically targeted to a cancerous tissue
via a number of pathways, including folic acid, epidermal growth factor, chlorotoxin, and
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galactose.21 Cell death is then caused by a “localized fever”, in which heat is generated
from the application of an alternating magnetic field surrounding the cancerous tissue.
Particles generate heat from friction created from general motion of the nanoparticles and
relaxation mechanisms inside the alternating magnetic field.22 The key components of
this treatment are the strong magnetic response of the particles to an alternating field and
the ability to functionalize the surface in order to retain stability inside the body and to
target damaged tissue. Ideally both of these cancer-fighting mechanisms can be
combined to not only limit the number of treatments, but also to provide the greatest
chance to destroy cancerous tissue inside the patient.

Another possible use for magnetic nanoparticles that has gained recent interest is
Magnetic Particle Imaging, or MPI. MPI is a recently invented (Gleich and Weizenecker
in 2005)23 imaging method that quantitatively measures the physical distribution of
magnetic nanoparticles. This method provides high sensitivity as well as a highly defined
resolution as compared to other medical imaging techniques. This technique records the
non-linear response of magnetic nanoparticles to an oscillating magnetic field to generate
an image. When superparamagnetic iron-oxide nanoparticles (discussed in further detail
in Section 1.2.2) are subjected to an alternating magnetic field, a non-linear
magnetization response occurs, which can be measured. Using this response, the precise
location of a nanoparticle can be determined. Because this method relies on the magnetic
response of a nanoparticle, it has no limitations in depth of view, such as seen in MRI and
computed tomography (CT). This technique is relatively new and a vastly growing
enterprise due to having the possibility to have both high spatial resolution and high
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sensitivity. Current research being conducted is focused of reducing the current spatial
resolution limit (approximately 1mm) and improving nanoparticle technology to optimize
nanoparticle response to oscillating magnetic field.23-29

However, even though using magnetic nanoparticles to accomplish these goals has been
the subject of intense study; the fundamental properties of these materials in a magnetic
field remain poorly understood. Specifically, it is not well known how the proximity of
neighboring particles affects the properties of these materials and their applications,
including the formation of clusters and linear aggregates. This dissertation focuses on the
effect of particle size, polymer brush length and colloidal arrangement on several
biomedical applications for magnetite nanoparticles.

1.2

Fundamental Magnetism and Magnetic Nanoparticles

The definition of magnetism is “phenomenon associated with magnetic fields, the effects
of such fields, and the motion of electric charges.”30 Magnetism arises because electrons
have both an electric charge and a spin. Atoms with unpaired electrons contain a net spin
direction, which can lead to magnetic dipole moment. In non-magnetic materials, the
magnetic dipole moments of individual atoms produce magnetic fields that oppose,
therefore canceling each other out. There are several different classes of magnetic
materials, each of which is classified by its response to an external magnetic field. The
five main classes of magnetic materials are diamagnetic, paramagnetic, ferromagnetic,
ferrimagnetic, and antiferromagnetic. Diamagnetism occurs in all materials, and it
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defined as the tendency of a material to oppose an applied magnetic field. Common
diamagnetic materials are water, wood, copper, and gold. Paramagnets (Figure 1.1) are
classified as only being magnetic in the presence of an applied magnetic field. Common
examples of paramagnets are magnesium, lithium, aluminum, and tantalum.

H on

H off

Figure 1.1: Diagram illustrating the effect of an external magnetic field on a paramagnetic material's spin
direction

Ferromagnetic materials (Figure 1.2) have parallel aligned magnetic states resulting in
magnetism without an applied magnetic field.31 Ferromagnetic materials often contain
iron, cobalt, or nickel.
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Figure 1.2: Diagram depicting magnetic domain state for ferromagnetic materials. These materials contain
permanently aligned magnetic domains enabling them to be magnetic even outside a magnetic field.

Ferrimagnetic materials (Figure 1.3) are very similar to ferromagnetic materials, with the
exception that in ferromagnetic materials there are distributions of magnetic moments
that align parallel with the direction of the field and those that align antiparallel with the
field. However the net spin in these materials do align with the direction of the field.
Common examples of ferromagnetic materials are magnetite and other ferrites containing
cobalt, aluminum, and nickel.32
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Figure 1.3: Diagram depicting the magnetic domain state of a ferrimagnetic material. In this material the
magnetic moments of atoms in different sublatices are opposed, but they are unequal and net magnetization
occurs.

Antiferromagnetic materials (Figure 1.4) do not retain a permanent magnetic field due to
the alternating nature of their magnetic moments resulting in a net magnetic moment of
zero. However, some antiferromagnetic materials have been known to have a net spin
direction in the presence of an external field, which theoretically should approach zero at
absolute zero. Common examples of antiferromagnetis include hematite, chromium, and
nickel oxide.32

6

Figure 1.4: Diagram depicting the magnetic domain structure of an antiferromagnetic material. Due to the
opposing nature of the magnetic moments, antiferromagnetic materials do not retain magnetism outside of
an external magnetic field.

Superparamagnetism is a form of paramagnetism that only occurs in very small
ferromagnetic or ferrimagnetic nanoparticles, and are discussed in further detail in the
following Sections.

1.2.1

Magnetic Hysteresis

The most common way to characterize a materials magnetization is using a magnetic
hysteresis loop. Subjecting a magnetic material to an external magnetic field and
noticing the resulting change in magnetization with increasing or decreasing magnetic
field strength is known as a magnetic hysteresis measurement. A typical hysteresis
measurement is given in Figure 1.5.
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Magnetization B

Magnetic Saturation

Remanence

Coercivity
Magnetic Field H

Figure 1.5: Typical hysteresis loop of a ferromagnetic material displaying coercivity (green line) and
hysteresis (area in curve).

The point at which magnetization reaches a maximum level and further increasing the
external magnetic field no longer results in an increase in the magnetization is known as
the magnetic saturation value. At this point all magnetic domains are considered to be in
alignment with the direction of the external magnetic field. After this point the field
strength is reduced and the resulting magnetization therefore decreases. The
magnetization remaining at the point at which the net magnetic field is zero is known as
the remanence magnetization. As the magnetic field is applied in the reverse direction,
the magnetization decreases until it reaches zero. The distance between the two zero
magnetization points is known as the coercivity, and physically is a materials ability to
resist demagnetization. The area between the two magnetization curves is known as the
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hysteresis of the magnetic sample, and can be contributed to the rotation of magnetization
and redistribution of magnetic domains.32 In some nanomaterials below a certain size
limit, there is no observed remanent magnetization, coercivity, or hysteresis. These
nanomaterials are known as superparamagnetic and are discussed in the next Section.

1.2.2

Magnetism in Nanoparticles

One of the most important properties of magnetic nanoparticles is that their properties
differ from that of bulk material due to their physical size is usually smaller than the
typical magnetic domain size in the bulk material. A magnetic domain is a region within
a magnetic material that contains uniform magnetization, i.e. where all magnetic
moments are aligned. Magnetic domains usually arise from a materials need to lower the
overall net energy of the system. If a magnetic particle is small enough, usually smaller
than the typical domain size in bulk material (a material dependent property, usually tens
of nanometers), it will consist of a single magnetic domain. Even though these particles
consist of one magnetic domain, they are anisotropic, that is to say they contain a
preferential direction of magnetization along the easy axis direction. The anisotropy in
the magnetic nanoparticle usually only allows for two stable magnetic moment
orientations antiparallel to each other. These two orientations are separated by an energy
barrier and there exists a possibly for the magnetization direction to spontaneously flip
between the two arrangements because of thermal energy. The time it takes between
magnetization flips is known as the Néel relaxation time, given by equation 1:
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1) 𝝉𝑵 = 𝝉𝒐 𝒆

𝑲𝒆𝒇𝒇 𝑽

𝑲𝑩 𝑻

where Keff is the effective anisotropy constant and V is the magnetic volume of the
nanoparticle. τ0 is a time constant that depends of several factors including the
temperature, gyromagnetic ratio, saturation magnetization as well as several other
parameters. For simplicity sake, this time constant is usually taken to be in the range of
10-9 seconds.33 When measuring the magnetization of a nanoparticle (Section 1.2.1), if
the measurement time is greater than the Néel relaxation time then the magnetization will
flip several times during the measurement and the net magnetization is zero, resulting in
the material being classified as superparamagnetic. If the measurement time is faster than
the Néel relaxation time, then the magnetization is equal to the spontaneous
magnetization value and the material is considered to be in a blocked state. The
transition from a superparamagnetic state to a blocked state occurs when the
measurement time is equivalent to the Néel relaxation time. Physically
superparamagnetism is defined as when the magnetic dipole moment of a single domain
nanoparticle fluctuates rapidly inside the core to the point that there is no magnetic
moment for macroscopic time scales. In order to more fully understand
superparamagnetism, a deeper understanding of paramagnetism is needed as the two have
very similar traits. For paramagnetic materials, no net magnetic moment is detected in
the absence of an external magnetic field. However, a weak magnetic moment can be
induced with the application of an external magnetic field in the same direction as the
applied field. This is due to the realignment of the magnetic domains within the
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paramagnetic material. By increasing the strength of the external magnetic field, more
and more magnetic domains of the paramagnetic material become aligned with the
direction of the field until all domains are aligned, known as magnetic saturation. At low
magnetic field strengths the magnetization of the paramagnet increases linearly with the
applied field, following Curie’s law, as described below:
𝑩

2) 𝑴 = 𝑪 ∗ 𝑻

where M is the magnetization value, C is known as the material dependent Curie
constant, B is the magnetic field, and T is the temperature. However, this linear
relationship breaks down as the paramagnetic material approaches the magnetic
saturation value, and this relationship can be described as a Langevin function commonly
seen in hysteresis loop diagrams. Superparamagnetism exhibits very similar
characteristics, including obeying the Curie law at low magnetic field strengths, an
inverse relationship of the magnetization with temperature, and a lack of hysteresis or
remanent magnetization. Superparamagnetism differs from paramagnetism in that the
magnitude of the magnetic saturation is generally much higher. Superparamagnetic
nanoparticles are of interest to researchers due to these reasons along with the fact that
superparamagnetic nanoparticles also have high initial magnetic susceptibilities coupled
with a high magnetic saturation as well as no coercivity, which allows superparamagnetic
nanoparticles to freely reorient their spin directions after the removal of the external
magnetic field.34 The synthesis of magnetite nanoparticles, including controlling particle
size, is discussed in the next Section.
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1.2.3

Common Synthetic Routes for Magnetite Nanoparticle Synthesis

There are many diverse methods for synthesizing magnetite nanoparticles, each with their
own advantages and disadvantages. This Section focuses on the synthesis of magnetite
due to it being the most commonly used magnetic nanoparticle for biomedical
applications. This is due to its relative ease of creation, controllable size distributions,
and biocompatibility. Most particles used in research today are created via coprecipitation of iron salts in aqueous media due to their ease of creation, bare surfaces,
and very high concentration.

Figure 1.6: TEM image comparing magnetite nanoparticles synthesized via co-precipitation (left) and
thermal decomposition (right)

This method generally results in nanoparticles approximately 10nm in size and with large
polydispersity.35-38 (Figure 1.6) As can be seen from the image, coprecipitation of iron
salts, while quickly and effectively synthesizing water dispersible nanoparticles,
generates a wide dispersion of nanoparticle core sizes. Since most biomedical
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applications of magnetite depends on the ability to tune particle size, volume, and surface
area to the individual application, it is important to understand polydispersions. Further
specific to this work, in order to study the effects of particle dimensions and chain
formation on biomedical applications, monodispersity is crucial as particles of varying
sizes have varying magnetic field strengths, and therefore cluster and interact differently.
In order to negate this effect, particles with as little variation in size as possible need to be
synthesized. Using a method first prepared by Sun et al,39 monodisperse particles can be
synthesized by the reduction of iron(III) acetylacetonate and [Fe(acac)3] at high
temperatures using oleylamine as a stabilizing agent. (Figure 1.6) As can be seen from
the Figure, particles prepared via this method have a substantially more defined particle
size. This method also allows for the synthesis of particles of varying size by changing
iron concentrations or reaction time and temperature. Other researchers have taken this
same approach as well but with varying iron precursors. For example, Park et al.40
describes the thermal decomposition of iron oleate, and has successfully synthesized
monodispersed particle sizes up to 30nm, significantly larger than that possible with iron
acetylacetonate. One of the common characteristics of particles generated by thermal
decomposition is that they possess a hydrophobic nature due to the synthesis ligand
nature. In order to make these hydrophobic particles useful for biological applications,
the surface of these particles must be then functionalized with a water soluble,
biocompatible polymer in order to provide stability, which is discussed more further in
detail in Section 1.3. There are several more specialized techniques for the synthesis of
magnetite nanoparticles, including sol-gel synthesis,41-43 flame spray pyrolysis,44, 45 and
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spinning disc method.46, 47 The sol-gel synthesis of magnetite usually involves the
dissolution of a ferric precursor in solution (or “sol”) and nanoparticles are formed during
the transition from a solution system to a solid (or “gel”) system. Particles generated in
this manner are generally monodisperse with high crystallinity. This method has also
been used to coat magnetite nanoparticle with various other moieties, including silica and
gold.48, 49 Flame spray pyrolysis synthesis of magnetite involves the injection of iron
precursor solution directly into a flame generating instant decomposition of the precursor
into nanoparticles. Nanoparticle morphology can be controlled by changing the flow
rate, precursor composition, and the fuel to oxidizer ratio.44 Particles generated by this
method are generally in high concentration but also contain high polydispersity. The
spinning disc method is another high throughput method that involves the synthesis of
magnetite using co-precipitation onto a temperature and speed controlled spinning disc.
This method does not generate monodispersed particles, rather the particles are size
fractionated during the synthesis process. The main advantage of this method is the
large-scale synthesis of magnetite along with the ability to produce multiple particle sizes
simultaneously.47 It is important to note that each of the synthesis techniques for
magnetite requires specialty equipment, so it is crucial to understand the end-use
application of magnetite in order to decide which method is proper for use.

1.3

Colloidal Properties of Aqueous Suspensions of Magnetite

One of the more important aspects that determine the effectiveness of nanoparticles in
biomedical applications is their stability. Nanoparticles that do not remain stable
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throughout a treatment timeframe may have a significantly reduced effect. This Section
defines colloids, colloidal stability, and what mechanisms influence their stability.

A colloid is defined as a substance, usually in the sub-micron size regime, that is
suspended in a solvent due to random Brownian motion.50 This random motion often
causes collisions amongst particles, and the interparticle interactions that occur between
particles during a collision event define the overall stability of a colloidal system. If
interparticle interactions between colloids allow for close contact of colloid cores, then
adhesion may occur. Once adhesion occurs, flocculation and then settling of the colloids
out of solution may occur. One of the more important factors to understand when
designing a colloidal nanoparticle complex for biomedical applications is the stability of
these systems and overall colloidal interactions. There are many potential biomedical
applications for nanoparticles, including cell separation,5 biomolecular imaging,51, 52 drug
delivery vessels,13, 53-56 magnetic hyperthermia,14, 17, 57-64 magnetic resonance imaging
(MRI) contrast enhancement,8, 10, 37, 65-67 magnetic particle imaging (MPI)26-29 and many
others. All of these applications significantly depend on the ability for these nanoparticle
systems to have a defined colloidal arrangement over the course of their use. It is
therefore crucial to understand the ability of these systems to remain evenly dispersed,
specifically identifying the relationship between particle aggregation and interparticle
potentials.

There are several mechanisms that cause attraction between magnetic nanoparticles
suspended in solution, with the main attractive forces being magnetic and van der Waals
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interactions. There are three origins of van der Waals attractive forces: Keesom forces,
which describe the permanent dipole-permanent dipole interactions,68, 69 Debye forces,
which describes the permanent dipole-induced interactions,70 and London forces, which
describes the instantaneous-induced dipole interactions.71, 72 There are several types of
dipoles, but for the purposes of defining colloidal stability only electrical and magnetic
dipoles are to be considered. An electric dipole is when a substance has both positive and
negative ends, where dipolar interactions leads to the interactions of a positive Section
with a negative Section. Magnetic dipoles are similar with the exception that instead of
electric charges, particles contain areas of north and south poles. Keesom and Debye
forces are both only important at very short ranges (<2nm), however London forces act at
a much larger length scale (5-10nm). This is why describing the London attractive forces
of colloids is often given the general name van der Waals attractive forces. Since there
are constant long-range attractive forces acting between chemically similar colloids
suspended in solution, it is crucial to stabilize these colloids with equal or greater longrange repulsion mechanisms. The most common ways to provide these stabilizing
mechanisms are with an electrostatic double layer or with absorbed or covalent bonded
molecules that provide steric stabilization.

1.3.1

Examples of Stabilized Nanoparticle Systems

As discussed in previous Sections, the understanding of colloidal stability of magnetic
nanoparticles is complicated, with various mechanisms to understand and overcome.
Understanding the mechanisms that cause and prevent aggregation of these nanoparticles
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allows researchers to synthesize magnetic nanoparticle systems unique for their
applications, specifically taking advantages of end uses in designing their stability
mechanisms.

1.3.1.1 Electrostatically Stabilized Magnetite Nanoparticles

Several researchers have taken advantage of electrostatic repulsion in the synthesis on
magnetite nanoparticles, with the most common synthetic method of producing magnetite
being the coprecipitation of iron salts in a basic solution.36, 37 This method produces
electrostatically charged magnetite nanoparticles in the 5-15nm size range. This method
of magnetite nanoparticle synthesis is also extremely quick, as going from raw materials
to a magnetite aqueous suspension usually takes less than an hour. However, there are
several drawbacks to the production of magnetite via coprecipitation, including
uncontrollable nanoparticle core size, polydispersity of iron oxide cores, and long-term
stability issues at a neutral pH. To counteract this effect, most researchers do not use
coprecipitated magnetite nanoparticles in their raw form, instead modifying them with
several types of surface coatings to improve their stability and usability. For example,
Ma et al.73 synthesized coprecipitation magnetite nanoparticles and then modified the
surface with 3-aminopropyl-triethoxysilane (APTS) to create a monolayer of an aminosilane. This free amine group aids in the attachment to proteins, biomolecules, drugs, and
other biomedical applications. The modification of these particles with APTS not only
increased their stability, but also further increased their usefulness in their end use
application. Other examples of small molecule coatings that rely on electrostatic
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repulsion are citrate,74 sodium oleate,36 and humic acid.75-77 Each of these systems has
unique end use applications that heavily rely on surface charge to achieve stability.

There are several limitations to electrostatically stabilized nanoparticles, mainly due to
the detrimental effects of solution electrolyte concentrations on nanoparticle stability.
For example, Wiogo et al.78 performed stability studies on magnetite nanoparticles
stabilized with electrostatic repulsion generated from carboxylic acid molecules on the
surface. The stability of this suspension was measured in water, phosphate-buffered
solution, and cell- culture media. These studies demonstrated the negative effect of ion
concentration present in solution on the electrostatic double layer used for nanoparticle
stability. Their results indicated that these nanoparticles displayed no large change in zeta
potential or hydrodynamic size over time in deionized water, while they displayed
significant decrease in the zeta potential and increase in size in both phosphate buffered
saline and cell culture media.

1.3.1.2 Sterically Stabilized Magnetite Nanoparticles

To overcome the limitations of electrostatically stabilized nanoparticles, many
researchers have turned to sterically stabilized nanoparticles to prevent nanoparticle core
interactions. There are countless types of sterically based stabilizing mechanisms,
however the bulk of which are centered on polymer modification of nanoparticles. There
are two main types of polymer-modified nanoparticles, and they are classified by how
they interact with the nanoparticle core. The first type of polymer coating is usually
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referred to “physisorbed,” which refers to the loose physical absorption of polymers to
the surface of magnetite. This type of surface chemistry gained popularity due to its ease
of modification and ability to quickly modify magnetite nanoparticles for
biocompatibility. The most simple types of magnetite nanoparticle systems employing
this surface chemistry is dextran coated coprecipitation particles, which are commonly
used as T2 MRI contrast agents.65, 79 These were the first magnetite nanoparticles to gain
approval from the FDA (Resovist, Feridex),80 but have since lost popularity due to poor
characterization and poor biological stability. There are several other types of
physisorbed polymer coatings for magnetite, however one of the more promising new
areas are amphophillic polymers. For the purpose of physisorption to magnetite, most
polymers of this type are tri-block, containing both hydrophobic and hydrophilic
Sections. The hydrophobic Sections of the polymer adsorb to the hydrophobic surface
coating of magnetite (usually ligands used in nanoparticle synthesis), allowing for the
hydrophilic Sections to interact with the surrounding solution. This type of modification
allows for easy transition of hydrophobic magnetite nanoparticles to hydrophilic
solvents.81, 82 This type of coating method can also be significantly more complex,
involving multiple layers of physisorbed polymers. For example, Yallapu et al.13 has
recently synthesized coprecipitation nanoparticles, followed by multiple surface coatings
to allow for a multi-functional nanoparticle for imaging and cancer therapy purposes.
They were successfully able to coat magnetite nanoparticles with β-cyclodextrin,
followed by a pluronic poly(ethylene glycol)-poly(propylene glycol) co-polymer that
allowed for water solubility. This combination of layers allowed for drug loading of
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curcumin in the inner layer while maintaining water solubility due to the hydrophilic
outer layer.

The other main type of polymer coating commonly used to impart colloidal stability to
magnetite are “chemisorbed” polymers. This type of polymer coating employs a strongly
binding group to the surface of magnetite, and is often referred to as an anchor group.
This has gained popularity over other types of surface coatings due to the variability in
polymer types, the ability to tune surface coverage, and the ability to employ the free end
group for specific targeting.14 In the case of magnetite, one of the more popular polymers
for he coating of magnetite nanoparticle is poly(ethylene glycol) (PEG), due to its low
cost, ease of modification, and biocompatibility.83 PEG is known as a “stealth” polymer
due to the lack of response of the human body to its presence.53, 84 There are several other
types of polymer surface coating types, such as poly(dimethyl siloxane (PDMS),85-87
poly(vinyl alcohol) (PVA),88-91 poly(N-isopropylacrylamide) (PNIPAM),92-94 along with
many others. Copolymers have also been explored heavily, taking advantage of
combining the properties of multiple polymer types for their end-use application. This is
especially important in stimulus responsive drug delivery, where block copolymers are
used to store drugs until a stimulus is applied as well as stabilize the magnetite
nanoparticle under biological conditions. For example, several researchers have explored
the potential uses of PNIPAM as a drug delivery system, as this polymer displays lower
critical solution temperature (LCST) properties.95-98 Essentially, PNIPAM is soluble in
water until it reaches a certain temperature (usually around 35 ºC) where it becomes no
longer soluble in water. Drugs encapsulated in this polymer layer will then be excreted
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into the solution, therefore effectively creating a thermo-sensitive drug delivery device.
Copolymers of this polymer are often used in order to retain stability in solution after the
LCST temperature is achieved. Specifically, Aquil et al.99 synthesized a block copolymer
consisting of two random copolymers of PNIPAM-poly(acrylic acid) (PAA) and
poly(acrylamide)-poly(ethylene glycol) (PAM-PEG). PNIPAM was copolymerized with
PAA in order to raise its LCST temperature to 38 ºC, while PAM was copolymerized
with PEG to improve its water solubility while retaining its “stealth” ability. Once this
block copolymer was attached to the surface of magnetite via the carboxylic acid groups
present in PAA, magnetic hyperthermia was then used to raise the temperature of the
system past 38 ºC, the LCST temperature, essentially collapsing the inner polymer layer
onto the surface of magnetite while the PAM-PEG polymer layer remained extended in
solution. If drugs were encapsulated in this inner polymer layer, using magnetic
hyperthermia to stimulate the collapsing of the inner polymer layer would trigger the
release of the drug into the surrounding solution, essentially creating a triggered drug
release system.

1.3.1.3 Stabilizing magnetic nanoparticles through the use of liposomes

Another popular method to stabilize magnetic nanoparticles is through the use of
liposomes (Figure 1.7). A liposome is a synthesized structure consisting of a lipid bilayer of amphophillic molecules. The most common type of liposome used to
encapsulate magnetite consists of a hydrophilic head and a hydrophobic tail (Figure 1.7).
A liposome encapsulates a region of aqueous solution or nanoparticle inside
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a hydrophobic outer layer. Using this mechanism, hydrophilic molecules cannot readily
pass through the lipids. However, hydrophobic molecules can be trapped inside the lipid
bilayer. Using this method magnetic nanoparticle can be sterically stabilized with the
drug delivery mechanism, the lipid bilayer. There are also several types of drug delivery
mechanisms using liposome-encapsulated magnetite, including controlled pH delivery
and magnetic hyperthermia. For pH delivery, liposomes can be designed to have a low or
high pH to electrostatically encapsulate drugs that are charged in solution. As protons
naturally diffuse through the outer barrier neutralizing the liposome, the drug will also be
neutralized, allowing it to freely pass into surrounding solution.100, 101 For magnetic
hyperthermia stimulated delivery, the heat generated from the magnetic nanoparticle
stimulates the release of the encapsulated drug within the hydrophobic bilayer.63, 102, 103
For example, Zhu et al.16 synthesized thermoresponsive magnetic liposomes encapsulated
with methotrexate (common chemotherapy drug). The liposomes used in this study
where a temperature sensitive 1,2-dipalmitoyl-glycero-3-phosphocholine and cholesterol.
Using magnetic hyperthermia to trigger drug release, more than 80% of methotrexate was
released from the liposome within 30 minutes of a temperature increase from 37 ºC to 41
ºC, thus showing its potential as a stimulus-responsive drug delivery agent.
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Hydrophilic Head

Magnetite

Hydrophobic Tail

Figure 1.7: Diagram depicting the typical encapsulation of a magnetite nanoparticle with a liposome.

1.3.1.4 Polyelectrolyte Stabilized Magnetite Nanoparticles

Another extremely effective method for stabilizing magnetite nanoparticles combines the
electrostatic and steric stabilization mechanism into “electrosteric” stabilization. This
method usually involves coating the surface of magnetite with a polyelectrolyte, or a
polymer containing multiple charged groups (Figure 1.8).
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Figure 1.8: Diagram depicting the typical stabilization of magnetite using a polyelectrolyte polymer brush
that incorporates both electrostatic and steric repulsion.

One of the more common polymer types used for this type of nanoparticle stabilization is
polyethylenimine (PEI).104,

105

These nanoparticle systems have displayed both high

electrostatic and steric repulsion, essentially negating most detrimental aspects of each
type of coating.104 Furthermore, the nature of the these charged polymers may have
increased importance in biological applications, where recent research has shown that
polyelectrolyte coatings may increase the proton relaxivity for MRI contrast agents66 and
improve the cell uptake mechanism.106 Finally, another possible advantage of using
polyelectrolyte surface coatings is the potential use of electrostatic interactions between
the polymer and deliverable agents. For example, Steitz et al.107 explored the interactions
of DNA and PEI-coated magnetite nanoparticles. They were successfully able to prove
that electrostatic interaction between PEI and DNA was sufficient to remain complexed
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under biological conditions. They also were able to display significantly improved gene
transfection of DNA into cells under the influence of an external magnetic field.
1.3.2

Mechanisms of Colloidal Instability

There are several factors that influence the point at which dispersed particles tend to
aggregate, known as the critical flocculation point (CFP), which refers to a set of
conditions where the affinity of the stabilized particles to the dispersion medium
decreases to a point where stabilizing mechanisms are no longer sufficient to overcome
attractive forces. It is important to understand the critical flocculation point for a
dispersed nanoparticle system if long-term stability is required for the end use
applications. The main factors that influence the critical flocculation point are
nanoparticle concentration, nanoparticle size, dissolved ions in solution, polymer
molecular weight, polymer surface coverage, and solvent affinity for stabilizing polymer.

1.3.2.1 Nanoparticle Concentration

One of the more important factors that determine interparticle interactions in a colloidal
suspension is the concentration of nanoparticles as the greater the concentration of the
solution, the greater the statistical chance of collision of one particle with another
particle. In some cases, a weakly stabilized system may be observed stable in dilute
concentrations and may experience heavy aggregation at higher concentrations. In
general terms, the more dilute a particle system, the more stable.
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1.3.2.2 Nanoparticle size

The size of the nanoparticle core also plays a very important role in the instability
mechanisms present in a colloidal system. Generally, as particle size increases, the
number of atoms increases in each nanoparticle, increasing the van der Waals attractive
forces. Also, in the case of magnetic nanoparticles, the core size has experimentally been
proven to have a dramatic effect of the saturation magnetization and therefore the
magnetic attraction between particles inside a field.108-110 This effect becomes extremely
important when magnetite core size is above 20-25nm, where the generally accepted size
limitation occurs for superparamagnetic nanoparticles.111 These large particles possess
residual magnetism, and become difficult to stabilize in solution. Since large core sizes
of magnetite are essential for many applications, special consideration is needed for these
systems to efficiently stabilize them over long periods of time.

1.3.2.3 Dissolved ions in solution

Dissolved ions in a colloidal suspension of magnetite play a key role in stability for both
electrostatically and sterically stabilized systems. For electrostatically stabilized system,
dissolved ions in solution can screen surface charges, decreasing the thickness of the
electrical double layer. This decrease will effectively limit the electrostatic repulsion of
the system, allowing nanoparticles to aggregate. For magnetite nanoparticles stabilized
by steric repulsion, the effect of dissolved ions in solution is less direct. It is important to
understand the steric polymers binding chemistry, as dissolved ions in solution may have
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a greater affinity for the surface of magnetite that the stabilizing polymer anchor group.
In this situation, the polymer surface coating may be displaced, decreasing the
effectiveness of the polymer at steric stabilization. This is especially the case in
biological media, where phosphates and other biological salts can readily displace several
polymer anchor types.112-114 This effect is explored in much further detail in CHAPTER
2:.

1.3.2.4 Polymer surface coverage

One of the more important factors to consider when discussing the critical flocculation
point (CFP) of a sterically stabilized nanoparticle system is the polymer surface coverage,
or more commonly known as the ligand brush density. The brush density is controlled by
several factors, including the amount of ligands in solution, the polymer molecular
weight, and the anchor group size.115, 116 Any deficiencies in the polymer brush density,
which can be caused by improper surface modification or ligand displacement, will result
in an increase in the ease of nanoparticle core collision and therefore increase the
likelihood of aggregation. Several researchers have also discovered an effect commonly
referred to as “lateral migration” of surface ligands when high enough brush densities are
not achieved. For example, Ionita et al.117 explored the possibility of ligands lateral
diffusing from one area of a nanoparticle surface to another. Their results indicate that
under the right conditions, bare patches on nanoparticle surfaces (areas of little polymer
coating) that experience higher van der Waals attractive forces may agglomerate with
nearby ligands laterally diffusing around these combination points to accommodate
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nanoparticle core collision. It is therefore important to achieve maximum polymer
surface coverage in most cases to prevent any permanent clustering.

1.3.3

Characterization of Colloidal Stability

There are several different ways to characterize the stability of a nanoparticle system in
suspension. These techniques range from monitoring the size of the nanoparticle in
solution, measuring the surface charge, and measuring the polymer surface coverage.

1.3.3.1 Dynamic Light Scattering

One of the most common ways to characterize nanoparticle size and stability is using
dynamic light scattering (DLS). While there are several techniques that DLS uses to
measure nanoparticle hydrodynamic size, the most common mode measures the
fluctuations in scattered light intensity due to particles moving in solution due to random
Brownian motion. When a laser is passed through a colloidal solution, the intensity of
the observed light is the vectorial sum of the light scattered from each suspended colloid
in solution.118 The intensity of this light varies, based upon whether the scattered light
from the particles is constructive or destructive, and therefore depends on the position of
each colloid in solution. As the colloids undergo random Brownian motion, the positions
are constantly changing as well as the intensity of scattered light. Therefore, the change
in light intensity is related to the rate of diffusion by each colloid in solution, which is
governed by several factors including the size of the colloid and the viscosity of the
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medium. The positions of these particles are then correlated with respect to time to give
an intensity correlation function, given by the equation:

3) 𝑮 𝝉 = 𝒍𝒊𝒎𝑻→! 𝑰 𝑻 𝑰 𝑻 + 𝝉 𝒅𝒕
where T is the integration time of the experiment, and τ is the time shift between
correlation events. The resulting correlation function decays over time as the colloids
move throughout solution. The correlation function can then be related to the diffusion
rate of a particle by the equation:

4) 𝑮 𝝉 = 𝑨𝟎 + 𝑨𝒆!𝜞𝝉
where A0 is the background signal level, A is an instrument constant, τ is the time shift or
the time between correlation events, and Γ is the decay constant in the correlation
function, given by:

5) 𝜞 = 𝑸𝟐 𝑫
where Q is the magnitude of the scattering wave vector and D is the diffusion coefficient
of a particle. Once the diffusion coefficient for the system has been calculated, the
particle hydrodynamic radius can be calculated using the Stokes-Einstein equation, given
by:
𝒌𝑻

6) 𝒓 = 𝟔𝝅𝝁𝑫
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where µ is the viscosity of the medium. It is important to note here that this equation is
for calculating the hydrodynamic radius for monodisperse particles, and the calculation of
polydisperse samples becomes significantly more complicated.

While the main use for DLS for characterization of nanoparticles is measuring
hydrodynamic size, it is also very useful in determining nanoparticle stability. Since
clustering of nanoparticles results in an increase in the overall hydrodynamic size, the
comparison of results from theoretical calculations presented in Section 1.3.7.2 to
experimental results can give an indication of clustering. For example, particles
measured to be significantly larger than theoretically calculated may be severely
clustered. Furthermore, DLS experiments can be repeated over long periods of time
without sample disruption or changes. This can give an indication of the time frame in
which nanoparticle instability occurs. For example, it is possible to observe
hydrodynamic size a function of time, with significant increases in nanoparticle size
indicating active clustering of nanoparticle systems. This is also a useful technique when
determining the stability of nanoparticle systems in biological conditions, where the size
of nanoparticles can be monitored over long periods of time in synthetic biological
conditions. For instance, the size of a nanoparticle complex can be measured in
phosphate buffered saline (PBS) or fetal bovine serum (FBS) over 24 hours by simply
taking measurements over the time frame. A steady increase in the hydrodynamic size
may indicate instability in the media as clustering occurs. It is important to note that
though DLS is a common and preferred technique, it is also flawed. Due to the way it
measures hydrodynamic size, DLS results are extremely sensitive to a small number of
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aggregates. Therefore it is important to review all aspects of DLS data, including the
correlation function, to determine if results are significant.

1.3.3.2 Zeta Potential

One of the more important parameters to understand for electrostatically stabilized
nanoparticles is to characterize the zeta potential of the system. The zeta potential, as
described in Section 1.3.5.2, is the value of the electric potential at the slipping plane.
The further from a value of zero the zeta potential, the more stable the particle.

Particle

systems with a zeta potential above +30mV and below -30mV are generally considered
stable. One of the greatest contributors to zeta potential is the pH of the solution, which
determines the concentration and charge of free ions in solution. Therefore it is crucial to
understand both the zeta potential and pH of the solution, and both are usually reported
together. The most common way to represent the electrostatic stability of a nanoparticle
suspension is to run an isoelectric point analysis, where the pH of a system is varied
(usually pH 2-12) while recording the zeta potential at each pH. At a certain pH, the zeta
potential will reach 0 mV, generally considered the point where a colloidal system is least
stable. Understanding the isoelectric point of a colloidal system can lead to a greater
understanding of the overall stability of the system, and of pH ranges in which the system
is stable.

Eclectically charged particles display electrokinetic effects when influenced by the
presence of an applied electric field.118 The most important electrokinetic effect when
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determining the zeta potential of a system is known as electrophoresis, or the movement
of a charged particle through a suspension under the influence of an applied electric field.
This effect basically means that negatively charged particles will move toward the
cathode and positively charged particles will move towards the anode. Zeta potential of
the system dramatically affects the electrophoresis of a nanoparticle suspension by
determining the velocity at which the particles move through solution. Using this
velocity, or electrophoretic mobility, the zeta potential of a nanoparticle system can be
calculated using the Henry equation,119 given by:

7) 𝑼𝑬 =

𝟐𝜺𝒁𝒇(𝒌)
𝟑𝜼

where UE is the electrophoretic mobility, ε is the dielectric constant of the medium, Z is
the zeta potential, η is the viscosity of the medium, and f(k) is defined as Henry’s
function. Henry’s function is usually defined as either 1 or 1.5, depending on the
demensions of the system. For particle systems larger than 200nm in moderately
concentrated electrolyte solutions, the Henry constant used is 1.5 and is commonly
referred as the Smoluchowski approximation.120 For small particles in low dielectric
constant media or non-aqueous media the Henry constant used is 1, usually referred to
the Huckel approximation.121, 122 Zeta potential therefore is not typically directly
measured, rather calculated by measuring the electrophoretic mobility.
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1.3.3.3 Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) is a simple technique that measures mass as a
function of temperature. Commonly employed to determine the degradation temperature
of small molecules and polymers, it is also commonly used to measure ratios of inorganic
or organic components of a system. In nanoparticle characterization, it is commonly used
to determine the polymer-to-nanoparticle ratio. Using this technique the amount of
polymer per square nanometer of nanoparticle surface can be calculated. This value is
known as the brush density and is an extremely important value when determining
nanoparticle stability. As discussed in Section 1.3.2.4, surface coverage of the
nanoparticle greatly determines the extent at which nanoparticle cores may collide, with
any deficiencies in surface coverage significantly increasing the instability of the system.
Generally, the higher the surface coverage of the system, the more stable the system.
There is a limit to the value however, determined by the steric hindrance of the system
which is a function of diffusion of the polymer to the nanoparticle surface, bulkiness of
polymer head group, and size of the nanoparticle. While this method is not a direct way
to measure nanoparticle stability, it can successfully measure surface coverage changes in
a nanoparticle system. One of the more crucial aspects of nanoparticle stability provided
steric repulsion is retention of the surface coating in biological media, and TGA can
measure loss in ligand surface coverage as a function of media concentration. This gives
researchers an understanding of not only the stability of a ligand anchor group to
displacement, but can also be conferred to overall nanoparticle stability.
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1.3.3.4 Small Angle X-ray Scattering

Another method that is commonly used to measure the size and dimensionality of
magnetite nanoparticles is small angle x-ray scattering (SAXS). This technique uses the
elastic scattering properties of x-rays to determine dimensionality characteristics of
samples in the sub-micron size regime. This technique is useful in that it can give
information on the size, shape, and distribution of nanoparticles. One of the more useful
properties of SAXS is determination of cluster size. While TEM can give nanoparticle
core size and DLS can give can give a distribution of hydrodynamic radii, SAXS is able
to give the actual core particle cluster size.123 The size distribution from SAXS is usually
larger than that given by TEM and smaller than that given by DLS. This is most likely
due to the magnetite core contributing more to scattering than the ligand shell, an
opposite effect than that observed in light scattering techniques. Because of this effect,
SAXS has become a very useful tool in characterizing the clustering, size distributions,
and stability of magnetite nanoparticles.123-127

1.3.3.5 Small Angle Neutron Scattering

A cutting edge technique used to measure nanoparticle size and colloidal stability is small
angle neutron scattering (SANS). SANS is very similar to SAXS in that it uses small
angle scattering to derive size and shape information at the nanometer scale. Unlike
SAXS however, it uses elastically scattered neutrons at small angles to investigate
structures in the 1-1000nm scale range. SANS is also unique for applications with
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magnetite nanoparticles in that magnetic scattering as well as physical scattering occurs,
and using a polarized neutron beam the two types of scattering can be distinguished.128
This allows the discernment between magnetic and non-magnetic components of a
system (i.e. core-shell structures or ligand shells).129

Using SANS, ligand structure and

length can be determined,130, 131 magnetic dipolar structures can be observed,132 along
with many other size and structure related properties.125, 128, 133 While SANS is one of the
most powerful techniques for determining nanoparticle characteristics, its use has
remained limited due to its low availability and high associated cost.

1.3.4

Understanding Colloid Stability Using Dimensional Reasoning

An initial approach to understanding nanoparticle colloid stability uses dimensional
reasoning to identify some colloidal forces acting to cause agglomeration amongst
suspended particles.134 This method of considering nanoparticle stability is especially
useful when considering magnetic nanoparticles in a field gradient. This system of
equations is defined by understanding nanoparticle contributions to the thermal energy,
the magnetic energy, and the gravitational energy.

1.3.4.1 Stability in a magnetic field gradient

In a magnetic nanoparticle colloid system inside of a magnetic field gradient, particles are
attracted to areas of larger gradient strength. The thermal motion of these particles
counteracts this energy due to statistical motions providing all particles experience all
portions of the field gradient. In order for a magnetic nanoparticle colloid system to be
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considered stable in the presence of an external magnetic field, the thermal energy of the
system, defined as kBT, has to be greater than the magnetic energy, defined as µ0MHV.
In this system of equations, kB is defined as Boltzmann’s constant, T is the temperature in
Kelvin, µ0 is the permeability of free space, M is the magnetization of the nanoparticle, H
is the magnetic field strength, and V is the volume of the nanoparticle. For a particle to
be stable considering only the magnetic energy and thermal energy, the ratio of thermal
energy has to be significantly higher than the magnetic energy.

8)

𝒕𝒉𝒆𝒓𝒎𝒂𝒍  𝒆𝒏𝒆𝒓𝒈𝒚
𝒎𝒂𝒈𝒏𝒆𝒕𝒊𝒄  𝒆𝒏𝒆𝒓𝒈𝒚

=

𝒌𝑩 𝑻
𝝁𝟎 𝑴𝑯𝑽

≥𝟏

Substituting for the volume of a sphere, the maximum particle diameter that forms a
stable colloidal system in a determined magnetic field strength can be determined based
upon the equation:134

9) 𝒅 ≤

𝟔𝒌𝑩 𝑻

𝟏

𝟑

𝝅𝝁𝟎 𝑴𝑯

When considering typical applications of magnetite nanoparticles, such as MRI contrast
agents, typical values can be substituted in this equation.
H=1.191x106 A/m (typical 1.5 Tesla MRI scanner)
M=4.46x105 A/m (typical magnetization value for magnetite)

T=311K (body temperature)
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According to this equation, a magnetite nanoparticle must be smaller than 2.28nm to be
stable. Actual particle sizes of stabile magnetite colloidal systems range much higher
than this, typically in the 5-50nm-size regime, for reasons to be considered later.

1.3.4.2 Stability inside a gravitational field

In a system of dispersed colloids, gravitational energy pulls colloids downwards while
thermal energy tends to counteract this effect. When considering this effect, the thermal
energy of the system has to be greater than the gravitational energy, which is compared
by the equation:

10)

𝒕𝒉𝒆𝒓𝒎𝒂𝒍  𝒆𝒏𝒆𝒓𝒈𝒚
  𝒈𝒓𝒂𝒗𝒊𝒕𝒂𝒕𝒊𝒐𝒏𝒂𝒍  𝒆𝒏𝒆𝒓𝒈𝒚

=

𝒌𝑩 𝑻
𝜟𝝆𝒈𝑳𝑽

≥𝟏

where Δρ is the difference between the density of the colloid and its medium, g is the
acceleration of gravity, and L is the elevation of a colloid in a gravitational field.
Substituting in for the volume of a sphere gives the maximum diameter of a colloid in
order to be considered gravitationally stable and gives the equation:134

11)

𝒅≤

𝟔𝒌𝑩 𝑻

𝟏

𝟑

𝝅𝜟𝝆𝒈𝑳

Substituting typical values for each of these parameters are L=.05m, Δ ρ=ρsolidρliquid=4300kg/m3 and g=9.8m/s2. These values give a maximum nanoparticle diameter of
15.5nm in order for thermal energy to overcome gravitational energy.
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1.3.4.3 Stability against nanoparticle magnetic interactions

An important factor to consider when describing the colloidal stability of a magnetic
nanoparticle system is the magnetic dipole-dipole interaction. Since each nanoparticle
can be considered a permanent magnet inside an external magnetic field, dipole
interactions can lead to rapid and permanent agglomeration. This dipole-dipole pair
energy is described as a function of two particle’s separation distance, and is given by the
equation:134

12)

𝑬𝑫𝑫 =

𝝅𝝁𝟎 𝑴𝟐 𝒅𝟑
𝟗 𝒍!𝟐 𝟑

where l is the two nanoparticles center-to-center separation distance and d is the
nanoparticle diameter. When considering the colloidal stability, it is most important to
understand when the dipolar attraction is at its maximum, and this occurs when
nanoparticle surface contact is made, or when l=0. At this point this equation reduces to
the maximum dipole-dipole contact energy, given by the equation:

13)

𝑬𝑫𝑫 =

𝝁𝟎 𝑴 𝟐 𝑽
𝟏𝟐

Once again, for colloidal stability to be achieved in this situation, the thermal energy of
the system must be greater than the dipole-dipole contact energy, and is given by the
equation:
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14)

𝒕𝒉𝒆!𝒎𝒂𝒍  𝒆𝒏𝒆𝒓𝒈𝒚

𝟏𝟐𝒌𝑩 𝑻

=𝝁
𝒅𝒊𝒑𝒐𝒍𝒆!𝒅𝒊𝒑𝒐𝒍𝒆  𝒄𝒐𝒏𝒕𝒂𝒄𝒕  𝒆𝒏𝒆𝒓𝒈𝒚

𝟎𝑴

𝟐𝑽

≥𝟏

When the volume of a sphere is substituted here, the maximum diameter of magnetite
nanoparticle for a colloidally stable solution considering only dipolar magnetic
interactions can be given by the equation:

15)

𝒅≤

𝟕𝟐𝒌𝑩 𝑻

𝟏

𝟑

𝝅𝝁𝟎 𝑴𝟐

When using typical values for magnetite, the maximum diameter of a colloidally stabile
solution of magnetite is 7.8nm.

While dimensional reasoning provides an understanding of the difficulties in stabilizing
magnetic nanoparticles, it in itself is not a complete understanding of all mechanisms
required in defining magnetic nanoparticle colloidal stability. This is evidenced by the
fact that stable colloidal systems of magnetite have been formed well beyond the size
regime calculated in this series of equations. This is mainly due to the fact that this
system fails to account for van der Waals attractive forces, electrostatic repulsion, and
steric repulsion. In order to gain a more complete understanding of what causes magnetic
nanoparticle agglomeration, a more complete view of interparticle potentials is needed.
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1.3.5

Background on Interparticle Potential Theory Using DLVO Theory

Understanding particle stability has a long history that many researchers have tried to
model and predict. Debye and Huckel reported in 1923 the first theory for a distribution
of charges in an ionic solution, which Levine and Dube extended to colloidal dispersions
in 1940. This theory included that particles dispersed in a medium should experience
large short-range repulsive forces and small long-range attractive forces. This theory had
several limitations, and it was not until Derjaguin, Landau, Verway and Overbeek
(DLVO) in 1941 and 1948 introduced their theory that interparticle potentials were more
fully understood. These researchers modeled the stability of colloids as the sum of all
attractive and repulsive forces, which they considered to be van der Waals attractive
forces (VA) and electrostatic repulsive forces (VE). The total interparticle force is then
calculated by the equation:

16)

𝑽𝑻 = 𝑽𝑨 + 𝑽𝑬

1.3.5.1 Van der Waals Attractive Force

Van der Waal forces occur between all molecules and particles. These forces are usually
attractive for similar materials and can repel unlike materials. These attractive forces in
the case of colloidal dispersions, depending on their strength, can lead to combination or
aggregation. Calculating the van der Waal forces between two like objects has been well
established, but can become more complicated in the case of nanoparticles due to the size
of the nanoparticle and their separation length scales being very similar.135 Most often,
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the total van der Waals attractive force between nanoparticles is calculated as the
potential energy sum over all interacting nanoparticle pairs. The size of the nanoparticle,
the surface-to-surface distance of the nanoparticle cores, and the Hamaker constant
govern the overall van der Waals potential energy between dispersed spherical
nanoparticles. The potential energy of the system from the van der Waals forces can then
be calculated by:

17)

𝟏

𝑽𝑽𝒅𝑾 = − 𝟔 𝑨𝒆𝒇𝒇

𝟐𝒂𝟐

+
𝒓𝟐 !𝟒𝒂𝟐

𝟐𝒂𝟐
𝒓𝟐

+ 𝒍𝒏

𝒓𝟐 !𝟒𝒂𝟐
𝒓𝟐

where Aeff is the effective Hamaker constant, a is the core particle radius, and r is center
to center distance of two particle complexes. The Hamaker constant is a material
dependent interaction parameter that gives an indication of the overall attractiveness of
two approaching bodies. The effective Hamaker constant accounts for any retardation
effects, and can be calculated by the equation136:

18)

𝟑

𝑨𝒆𝒇𝒇 = 𝟒 𝒌𝑩 𝑻

𝜺𝟏 !𝜺𝟐 𝟐
𝜺𝟏 !𝜺𝟐

𝟑𝒉𝝎

+ 𝟏𝟔

𝟐

𝒏𝟏 𝟐 !𝒏𝟐 𝟐

𝟐

𝒏𝟏 𝟐 !𝒏𝟐 𝟐 𝟑 𝟐

𝑭(𝜹).

where ε1 and ε2 are the dielectric constants of the medium and the substrate, n1 and n2 are
the refractive indexes of the medium and substrate, h is Planck’s constant, kB is
Boltzmann’s constant and ω is the absorption frequency. F(δ) is a function that accounts
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for the dispersion energy decaying faster at large separation distances (>10 nm) due to
retardation effects, and is calculated by the equation:

19)

𝑭 𝜹 ≈ 𝟏+

𝝅𝜹

𝟑 𝟐 !𝟐 𝟑

𝟒 𝟐

where δ is a dimensionless distance related to the nanoparticle core surface-to-surface
distance Δss, given by the equation:

20)

𝜹 = 𝒏𝟐 (𝒏𝟏 𝟐 + 𝒏𝟐 𝟐 )𝟏

𝟐 𝜟𝒔𝒔 𝝎
𝒄

where c is the speed of light (3 x 108 ms-1)

1.3.5.2 Electrostatic Repulsive Force

DLVO theory considers nanoparticle repulsive force due to electrostatic interactions.
Electrostatic repulsion arises from nanoparticles having a surface charge due to the
presence of ionic species either through dissociation of ionic surface groups or the
adsorption of an ionic additive such as a surfactant. When a nanoparticle contains
sufficient surface charge, counterions present in the medium are therefore attracted to the
nanoparticle surface. The layer of counterions closely surrounding the nanoparticle and
attached through electrostatic forces is known as the Stern layer. Following this
immediate nanoparticle surface and counterion layer is the diffuse layer, containing both
positive and negatively charged species with an abundance of counterions. These layers
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form the electric double layer, and reach a maximum value at the nanoparticle surface
and decreases as a function of increasing distance away from the nanoparticle surface
(Figure 1.9). When a nanoparticle moves through a medium, a layer of liquid remains
attached to the particle, and its boundary with the medium as known as the slipping
plane. The value of the electric potential at this slipping plane is known as the Zeta
potential, and is commonly measured to give an indication of both the surface charge of a
nanoparticle system and its stability based upon electrostatic repulsion. The electrostatic
potential can therefore be calculated by the equation:

𝑽𝒆 =

21)

+

-

+
+

+

𝒌𝑩 𝑻

-

+

+

+

-

- +
- - +

𝟐𝝅𝑹𝒄 𝜺𝟐 𝜺𝟎 𝝍𝟎 𝟐 𝒍𝒏 𝟏!𝒆!𝒌𝜟𝒔𝒔

+

+

+

+
+

+

+

-
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Figure 1.9: Diagram illustrating the electrical double layer stabilizing mechanism for electrostatically
stabilized magnetite nanoparticles
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where ψ0 is the surface potential, ε0 is the permittivity of free space, and 1/k is the
Debeye length. It can be seen from this equation that the electrostatic repulsion of
nanoparticle is extremely dependent on the surface potential of the nanoparticle and the
Debye length. This results in high electrostatic repulsion for systems containing
nanoparticles with high surface potentials with polar coatings (i.e. citrate coated gold)
and negligible electrostatic repulsion in systems containing nanoparticles with low
surface potential and nonpolar coatings (i.e. poly(ethylene glycol) coated magnetite).

1.3.6

Extended DLVO Theory

In its original form, DLVO theory accounted for only repulsive forces due to any
electrostatic repulsive potentials, but has since been modified to account for steric
repulsion interactions as well as magnetic interactions.137-139 Using each of these
components, the total potential energy of a system is given by the equation:

22)

𝑽𝑻𝒐𝒕𝒂𝒍 = 𝑽𝒗𝒅𝑾 + 𝑽𝑴 + 𝑽𝑬𝑺 + 𝑽𝑶𝑺𝑴

where VvdW is the van der Waals attractive forces, VM is the magnetic attractive forces,
VES is the electrostatic repulsive forces, and VOSM is the osmotic repulsive forces.
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1.3.6.1 Magnetic Attractive Force

In magnetic nanoparticles, the magnetic attractive force is also an important parameter to
understand.

The magnetic interactions of this system can be accounted for by the

equation:

23)

𝑽𝑴 = −

𝟏 𝟖𝝅!𝟎 𝑹𝒄 𝟔 𝑴𝒔 𝟐
𝒌𝑩 𝑻 𝟗 𝜟𝒄𝒄 !𝟐𝑹𝒄 𝟑

where µ0 is the permeability of free space (1.26*10-6 m*kg*s-2*A-2), Ms is the saturation
magnetization, and Δcc is the center-to-center separation distance. The equation is based
on the assumption that a saturating magnetic field is present, the nanoparticle possesses a
single domain crystalline structure, and particles are in dipole alignment. This equation
effectively calculates the maximum magnetic attractive force between two magnetic
nanoparticles. It can also be seen from this equation that the magnetic attraction between
two particles significantly increases with particle core size and saturation magnetization.
This attractive potential therefore becomes extremely important to understand with larger
particle sizes (>15nm), as the magnetic attractive force can easily overcome small
molecule steric repulsion or short-range electrostatic repulsion.

1.3.6.2 Steric Repulsion

Another common way to stabilize nanoparticles, especially those in consideration for
biomedical applications, is steric repulsion provided by surfactants or polymers. In the
case of biomedical applications, ion concentrations may be high enough to essentially
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screen electrostatic charges, limiting their effectiveness at stabilizing nanoparticles. This,
combined with other biological effects such as protein adsorption, limits the effectiveness
of electrostatically stabilized nanoparticles for biological applications.106, 140 To negate
this effect, nanoparticles are often coated with surfactants, which use small molecules or
polymeric chains to stabilize nanoparticle systems (Figure 1.10). Surfactants

δ

h

Figure 1.10: Diagram depicting typical structure for sterically stabilized magnetite nanoparticles, where δ is
the length of the polymer chain and h is the surface-to-surface separation distance

limit the approach of nanoparticle cores in two ways, providing both osmotic repulsion
and volume restriction. In the case of osmotic repulsion, when surfactant molecules
overlap as in the case of colliding nanoparticle cores, an unfavorable mixing of the
surfactant molecules occur, increasing the osmotic pressure of the system. This increase
in the osmotic pressure at the surfactant interface increases the diffusion of solvent to the
area of overlap, separating the nanoparticles and therefore limiting the further inter-
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diffusion of surfactant molecules. In the case of volume restriction, when surfactant
molecules collide there is a loss of configurational entropy due to the reduction in volume
for free reptation of the surfactant molecules. This furthermore restricts the collision of
nanoparticle cores and aids in the overall stability on the nanoparticle system. The
composition of the surfactant used is also important, and depending on the application
both small molecule and polymer based surfactants are employed. The main factors of
steric stabilization are the surfactants average length (usually governed by number of
backbone units or molecular weight), number of surfactant molecules per unit area
(packing density), surfactant-solvent interaction parameter (Flory-Huggins Parameter),
and mode of surfactant-nanoparticle surface attachment. The thickness of the surfactant
layer plays a key role in the steric stabilization of nanoparticles, as longer surfactants
provide larger steric repulsion due to the enhancement of solvated volume around the
nanoparticle. This not only increases distance a nanoparticle core needs to travel to
collide with another core, but also increases the osmotic repulsion between the two
nanoparticle cores. The surfactant packing density also is important to consider, as this
parameter also determines the volume available for free reptation.

Using these

parameters, the particle-particle osmotic potential of repulsion can be calculated by the
equation:

24)

𝑽𝑶𝑺𝑴 =

𝟒𝝅∗𝒌𝑩 𝑻
𝟑𝑽

𝝋𝟐

𝟏
𝟐

−𝝌

𝒉

𝜹−𝟐

𝒉

𝟑𝑹 + 𝟐𝜹 + 𝟐 ;   𝜹 < 𝒉 < 𝟐𝜹

where V is the molecular volume of water, χ is the Flory-Huggins parameter, and φ is the
volume fraction of the polymer coating calculated by the equation:
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𝝋=

25)

𝟔𝒘𝒔

𝝅𝝆𝒔 𝑵𝒑 𝑫𝑯 𝟑 !𝑫𝑪 𝟑

where ws is the mass of the polymer shell, ρs is the density of the polymer, Np is the
number of nanoparticles in the system, DH is the hydrodynamic diameter of a
nanoparticle, and Dc is the core size of the nanoparticle. DH is usually measured using
techniques such as dynamic light scattering (DLS) and DC is usually measured using
transmission electron microscopy (TEM).

One final parameter is important to consider, and that is the elastic repulsion generated by
interpenetrating polymer brushes at very small interparticle separation distances (h<δ).
This effect is due to interpenetrating polymer brushes at such close distances polymer
brush compression occurs, preventing extension into the surrounding solution. This loss
of configurational entropy can be described by the equation:

26)

𝑽𝑬𝑳𝑨𝑺 =

27)

𝑽𝒂 =

28)

𝟐𝝅𝒌𝑩 𝑻𝝋𝟐 𝟏
𝑽

−𝝌
𝟐

𝟐𝑽𝒂 𝟐
𝑽𝒄

− 𝑽𝒂 ;   𝟎 < 𝒉 < 𝜹

𝝅𝜹(!𝟐𝟒𝑹𝟐 𝒉!𝟑𝟔𝜹𝑹𝟐 !𝟏𝟐𝑹𝒉𝟐 !𝟐𝟖𝜹𝟐 𝑹!𝟔𝒉𝟐 𝜹!𝟑𝜹𝟑 !𝟖𝒉𝜹𝟐 )

𝑽𝒄 =

𝟏𝟐(𝟐𝑹!𝒉)

𝝅(𝟐!𝑹𝟐 𝜹𝟐 !𝟏𝟐𝑹𝟐 𝒉𝟐 !𝟐𝟒𝜹𝟑 𝑹!𝟖𝑹𝒉𝟑 !𝟔𝜹𝟒 !𝒉𝟒 )
𝟏𝟐(𝟐𝑹!𝒉)

where Va is the volume of overlap in the osmotic region (h>δ) and Vc is the volume of
overlap in the elastic region (h<δ). While this effect is not negligible, in most cases of
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polymer coated nanoparticles the osmotic repulsion is significant enough to prevent
distances close enough for this effect to occur.

1.3.7

Calculating Colloidal Stability Using Star-Like Polymers

Nanoparticle colloids with polymer brushes may also be considered as star-like polymers.
This method of calculating the steric repulsion provided from a polymeric coating has
advantages over the osmotic approach due to allowance of further calculation of the size
of the complexes. This method for calculating the steric repulsion provided by a polymer
coating by considering star-like polymers was first developed by Likos et al,141 and was
based on the star-like polymer model developed by Daoud and Cotton. 142 This model
effectively calculates particle pair interactions, with the steric repulsion as a function of
inter-particle distance given by the equation:
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Figure 1.11: Diagram depicting the total potential energy of a 24nm in diameter magnetite nanoparticle
system coated with PEG of 2000 and 10000g/mol molecular weight.

where f(Rc) is the number of surfactant chains per nanoparticle, Δcc is the nanoparticle
center-to-center separation distance, ψ is a scaling factor defined as 1.3 times the radius
of gyration (Rg) (Figure 1.11).
1.3.7.1 Radius of Gyration

An important factors in determining the extent of steric repulsion a polymer coating
provides is the radius of gyration. The radius of gyration of a colloid is important
because it describes the size of a nanoparticle suspension without describing the shape,
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and characterizes the spatial extension of a colloid.143 The squared radius of gyration for
a polymer is defined as the average squared distance of any point in the polymer chain
from its center of mass. The radius of gyration can be calculated using the equation:

30)

𝑹𝒈 =

𝑰
𝑴

where I is the moment of inertia for the polymer coated nanoparticle, and M is the mass
of the complex. The moment of inertia for the polymer-coated nanoparticle can be
calculated using the equation:
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where ρm is the density of the nanoparticle, ms is the mass of a segment of polymer, as is
the is the size of a monomer in a polymer chain, v is the Flory exponent, Mn is the
number average molecular weight of the polymer, Na is Avogadro’s number, and A is a
constant of proportionality calculated by the equation:
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The hydrodynamic radius (RH) is an important term here, and is usually measured by
such techniques as dynamic light scattering (DLS). It can also be approximated, which is
detailed in the next Section.

1.3.7.2 Calculating the Hydrodynamic Radius

The theoretical hydrodynamic diameter of polymer coated particles can be calculated
using the blob model144, which is based on a model for star polymers by Daoud and
Cotton,142 and assumes concentric shells with a constant number of blobs in each shell.
The blob diameter is a continuous function of distance from the surface.

The

hydrodynamic radius can then be described as:
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where ν is the Flory exponent, r is the radius of the nanoparticle, and Nk is the number of
Kuhn segments in one of the corona chains, Lk is the Kuhn segment length, and f(r) is the
number of polymer chains per particle. The number of Kuhn segments is defined by

34)

𝑵 𝒌 = 𝒏 𝒄!

where n is the number of backbone bonds in a chain, and C∞ is the characteristic ratio of
the polymer. The Kuhn segment length, Lk , is defined as

35)

𝑳 𝒌 = 𝒄! ∗ 𝒍𝟎
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where l0 is the average length of a backbone bond. f(r) is the number of corona chains per
particle, and can be calculated using the equation

36)

𝒇 𝒓 = 𝟒𝝅𝒓𝟐 𝝈

where σ is the surface density of chains on the particle and a function of the particle size
distribution, given by the equation
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where WP is the weight fraction of polymer, Nav is Avagadro’s number, ρm is the density
of the nanoparticle, Mn is the number average molecular weight of the polymer, Wm is the
weight fraction of the nanoparticle, and P(r) is distribution function of the core particle
size.
1.4

Principles of MRI and Magnetic Nanoparticle Contrast Enhancement

One of the first and most researched biomedical applications for magnetite nanoparticles
is as a contrast enhancement agent for magnetic resonance imaging (MRI). This method
relies on a magnetic nanoparticle’s ability to improve local contrast inside a patient.
Contrast in MRI is defined as the ability to distinguish between light and dark areas in the
MRI image. When a patient is given a MRI, often there is not enough contrast to
distinguish between healthy and abnormal tissue, and a contrast enhancement agent is
then added preferentially to the system in order to aid with the discernment between

53

tissue and defects. The basics of MRI are described below, as well as the use of magnetic
nanoparticles as a MRI contrast enhancement agent.

1.4.1

Basics of MRI

MRI is a very powerful non-invasive imaging technique that allows doctors to gain an
internal perspective of patients, including skeletal systems, muscle tissue, joints, organs
and others. The technique of MRI is very sensitive to soft tissue contrast, making MRI
one of the most widely used and routine techniques, and because of this it is often
prescribed for patients suffering ailments ranging from brain tumors to sprained ankles.
Based on the same principles as Nuclear Magnetic Resonance (NMR), MRI is dependent
on the interaction between the instruments static magnetic field and protons contained
within the patient (mainly from water molecules). The ability to diagnose abnormalities
is dependent on tissue contrast, which is resultant to differences in proton relaxation rate,
as discussed further in Section 1.4.2.

1.4.1.1 Proton Fundamentals

Hydrogen nuclei possess spin, an intrinsic form on angular momentum with two spin
states possible, +1/2 and -1/2. When hydrogen nuclei are not in the presence on an
external magnetic field, the numbers of protons in these two spin states are equal. Once
an external magnetic field is applied to a system of hydrogen nuclei, a net magnetization
vector is generated in the direction of the applied magnetic field. This is because it is
slightly energetically favorable for protons to be aligned with the direction of the field as
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compared to away from the field. The number of protons aligned with the magnetic field
as compared to away from the field results in a net positive magnetic moment in the
direction of the applied magnetic field, and is given by the equation:145

38)

𝝁 = 𝑵𝝁𝑯 𝒆!𝑬/𝒌𝑻

where N is the number of protons, µH is the magnetic moment of a proton, E is the energy
difference between proton spin states, k is Boltzmann’s constant, and T is temperature.
Not only does the application of an external magnetic field align the proton spins, it
causes them to precess around the field direction at their Larmor frequency. The Larmor
frequency is given by the equation:

39)

𝝎 = 𝜸𝑯 𝑩

where γH is the proton gyromagnetic ration and B is the net magnetization field produced
by the MRI.146

1.4.1.2 The MRI Measurement

The MRI measurement consists of two parts: perturbing the proton spins from alignment
with the direction of the external magnetic field and measuring the relaxation time of
these spins back to alignment. In order to perturb these spins from alignment, an
oscillating magnetic field must be applied to the system equal to the Larmor frequency.
For most MRI field strengths used in clinical applications, the Larmor frequency lies with
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in the radio spectrum. The applied radio frequency (RF) pulse infuses the system with
energy causing some of the proton spins to transition from the +1/2 state, which is in
alignment with the external magnetic field, to -1/2, which is anti-parallel to the external
magnetic field. When the RF pulse is removed from the system, the bulk magnetization
vector is free to relax back to equilibrium with the external magnetic field. It is this
relaxation time that is measured and used to generate the MRI image.147 Distance and
positional information is obtained by the use of specific area coils, which generate field
gradients in a desired direction. The presence of these gradients changes the Larmor
frequency of the proton spins, therefore changing their relaxation rate.

1.4.2

Relaxation Mechanism

There are two different ways to measure the relaxation of the bulk magnetization vector
back to equilibrium. The first is to measure its longitudinal relaxation, or spin-lattice
relaxation, which is essentially its relaxation in the direction of the applied external
magnetic field. The other way to measure the relaxation is by measuring the transverse
relaxation, or spin-spin relaxation. This is essentially the rate at which the bulk
magnetization vector returns to equilibrium along the plane perpendicular to the applied
external magnetic field. These types of relaxation is discussed in detail in the proceeding
Sections.
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1.4.2.1 Longitudinal Relaxation

As discussed earlier, when a radio frequency pulse equal to the Larmor frequency of the
proton system is applied, the proton spins aligned with the external magnetic field are
excited to the higher energy configuration in the opposite direction of the field. This
changes the bulk magnetization direction (the extent of which is determined by the
number of spins excited) which is governed by the duration of the RF pulse. The
duration of the pulse is often described as the degree at which the bulk magnetization
vector is perturbed. For example, a 90º pulse is a RF pulse that perturbs the
magnetization vector to be orthogonal to the applied magnetic field direction. Once the
RF pulse is removed from the system, the bulk magnetization vector then begins to return
to alignment with the field by protons returning to the low energy state from their higher
excited energy state. For this to occur, the energy applied to the system to excite the
spins is released into the surrounding matrix, thus giving the name “spin-lattice”
relaxation. The rate at which the spin returns energy to the surrounding lattice is known
as R1, in its inversely proportional time constant is T1.148
1.4.2.2 Transverse Relaxation

The alternate form of relaxation that occurs in perturbed spins returning to equilibrium is
known as transverse relaxation. During this relaxation mechanism, the magnitude of the
bulk magnetization vector perpendicular to the direction of the applied external magnetic
field decreases.148 Immediately after an RF pulse is applied to an aligned spin system,
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the bulk magnetization vector is at an angle from the direction of the external magnetic
field proportional to the duration of the applied pulse. At this point all spins are in phase
with each other and precess around the central magnetic field. Phase corresponds to the
relative position of spins as compared to other precessing spins. When spins are all
aligned and precessing at same rate they are known as “in phase”. However, due to
differences in each protons local magnetic field and inhomogeneities, the precessing
spins will begin to dephase. This will occur until all phase coherence is lost, resulting in
the bulk magnetization vector in the xy plane reducing to zero, and a total loss in the
transverse signal is observed. Dephasing in precessing spin systems occurs because
energy applied to this system from the radio frequency pulse can be transferred from one
proton spin to another, thus remaining as excitation energy. Random vibrations and
tumbling of the molecules can then interfere with spin-spin transfer, inducing a loss of
coherence in the system. This coupled with other factors, including imperfections in the
magnetic field and other instrument induced inhomogeneities, leads to dephasing of the
precessing system, increasing the transverse relaxation rate. This reduction in the signal
is known as the free induction decay (FID) and a function of the total relaxation rate, R2*.
The more inhomogeneities, the more dephasing occurs, the faster the total relaxation rate.
While understanding R2* is important, it is often more important to characterize R2,
which is the relaxation rate due to spin-spin energy exchange and interactions free of
other inhomogeneous components. To measure this, often a spin echo technique is used.
Much like as described earlier, this measurement uses an RF pulse to align the bulk
magnetization vector into the xy plane. Immediately after the removal of the RF pulse,
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the spins will begin the diphase and relax back to equilibrium. However, in a spin echo
measurement, repeated RF pulses are then applied to the system at a predetermined time
interval (2τcp). The precessing spins will then be rotated 1800, allowing the precessing
spins to rephase with one another. At the moment when all spins are once again in phase
with each other is known as the spin echo. After this point, spins will once again start to
dephase and subsequent spin echo pulse can be applied to the system. While each
subsequent 1800 pulse causes the spins to rephase, the amplitude of the transverse
relaxation is not recovered and decays with time. Thus the definition of R2* is the initial
decay in the transverse direction and R2 is the decay in the amplitude of the transverse
magnetization related to spin-spin coupling over the course of several spin echoes. This is
demonstrated in Figure 1.12.148
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Figure 1.12: Pulse sequence and signal response demonstrating the spin echo pulse sequence.

1.4.3

Contrast Enhancement in MRI

In a patient without contrast enhancement, the relaxation time is affected by the local
environment of the proton, including density, viscosity, and chemical environment.
Because of this effect, protons inside and outside an abnormality relax at different rates,
thus creating image contrast. When there is not significant enough difference in the
relaxation rate of healthy tissue and abnormal tissue to allow physicians to make an
accurate diagnosis, often a MRI contrast enhancement agent is used. There are two types
of MRI contrast agents, which are specifically designed to either affect the longitudinal
relaxation mechanism or the transverse relaxation mechanism. While magnetite
nanoparticles are mainly used as transverse contrast enhancement agents, a brief
overview of longitudinal contrast enhancement is also given here.

1.4.3.1 T1 Contrast Enhancement Mechanisms
T1 contrast agents are known as positive contrast agents, making the surrounding areas
brighter in an MRI image. There are several types of T1 contrast agents, but all of them
contain paramagnetic compounds with one or more sets of unpaired electrons. The most
common types are chelated metal ions of gadolinium149-151 or manganese.152, 153 T1
contrast agents act as a “relaxation sink” for surrounding water molecules, that is they
assist with the transition of energy from the RF excitation pulse from the water molecule
to the surrounding lattice.154-156 This energy transfer is at its greatest in the volume
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immediately surrounding the metal ion, known as the coordination sphere. Since the
metal ions are chelated with many bonds, there is limited free volume inside the
coordination sphere. T1 contrast agents take advantage of this limited space, as small
water molecules are easily able to diffuse rapidly into the coordination sphere and give up
its energy, while larger molecules such as proteins and fat are not allowed close enough
to the metal ions for energy transfer. Once the water molecule has diffused closely
enough to the metal ion and transferred its energy, exchange with the bulk water in
surrounding tissue occurs, thus allowing further water molecules into the coordination
sphere. The result is that the water in tissue directly surrounding a T1 contrast agent
having a larger net magnetization that that not influenced by a T1 contrast agent, thus
contributing more to the T1 weighted signal image.
1.4.3.2 T2 Contrast Enhancement Mechanisms
The other type of MRI contrast enhancement agent, for which magnetite is commonly
used, is known as a T2 contrast agent, and is classified as negative contrast agents. A
negative contrast agent is something that makes surrounding tissue appear darker in the
MRI image. T2 contrast agents are typically magnetic based nanoparticles that distort the
local magnetic field around the nanoparticle. These distortions in the local magnetic field
cause the rate of proton spin dephasing to increase in the transverse direction. When a
system of magnetic nanoparticles undergoes the application of an external applied
magnetic field, each particle will generate its own dipolar fields in parallel alignment
with the applied field. The direct result of this effect is the changing of the Larmor
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frequency of water protons directly surrounding each nanoparticle. This is due to the fact
that protons surrounding each nanoparticle are susceptible to the applied magnetic field
from the instrument as well as the magnetic field generated by each nanoparticle. For
example, water molecules located near the magnetic poles of the nanoparticles experience
the additive magnetic force from the applied field and the nanoparticle itself. This is in
contrast to protons located near the equator of a magnetic nanoparticle, where the proton
experiences a total magnetic field less than the amplitude of the external magnetic field
due to the nanoparticle generated dipolar field being in an opposite direction than the
applied field. In summary, protons at the poles of magnetic particles will precess at a
faster rate while protons near the equator of a magnetic nanoparticle will precess slower.
These differences in the precession rate will lead to the dephasing at a quicker rate,
increasing the total transverse relaxation rate. The larger the magnitude of the field
generated by each nanoparticle the greater the change in the Larmor frequency and the
faster the dephasing of magnetic moments.

1.4.4

Transverse Contrast Enhancement Regimes

Several researchers have derived the effect of magnetic nanoparticles on the transverse
relaxation rate mechanism, specifically focusing on the size/contrast enhancement
relationship.9, 157-161 The degree of influence of a magnetic nanoparticle is dependent on
several nanoparticle characteristics and can be more specifically defined by the time it
takes for a water molecule to diffuse the length of the radius of the nanoparticle. This
time is calculated by the equation:
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40)

𝝉𝑫 =

𝑹
𝟐𝑫

where τD is the characteristic diffusion time, R is the radius of the magnetic nanoparticle
and D is the self diffusion coefficient of water. There are three regimes based off this
characteristic time and are usually calculated as a function of the hydrodynamic diameter.

1.4.4.1 Motional Averaging Regime

The first regime is known as the motional averaging regime (MAR) and is defined as
when water molecules are able to diffuse rapidly around the nanoparticle and follow a
random path. In this regime water protons experience a wide range of magnetic field
strengths, reaching a maximum when protons are located near nanoparticle poles and a
minimum when protons are near the nanoparticle equator. In this regime the interparticle distance is much smaller than the distance protons are able to diffuse in the
transverse relaxation time. The MAR dominates when the characteristic time τD is
significantly larger than the spread of Larmor frequencies at the surface of the particle
(τD<<1/Δω). This value, Δω, is given by the equation:

41)

𝜟𝝎 =

𝝁𝟎 𝜸𝒏 𝑴
𝟑

where µ0 is the permeability of free space, γn is the proton gyromagnetic ratio, and M is
the magnetic moment per unit volume of the magnetic nanoparticle. Since the proton is
able to undergo random movement around each nanoparticle and does so rapidly, the
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proton precession rate is motion averaged. This regime depends on the rapid diffusion of
water molecules, and therefore requires relatively small particle sizes. For a system in
the motional averaging regime, the theoretical r2 can be calculated using the equation:

42)

𝒓𝟐𝒎𝒂 = 𝒓𝟐𝒎𝒂 ∗ =

𝟒𝒇𝒅𝟐 (𝜟𝝎)𝟐
𝟒𝟓𝑫

where f is the volume fraction of magnetic nanoparticles in suspension, d is the
nanoparticle magnetic diameter, D is the self diffusion coefficient of water, and Δω is the
spread of Larmor frequencies at the surface of the particle. In this regime, the
characteristic diffusion time, τD, is significantly smaller than the echo spacing, 2τCP, and
thus the refocusing of proton magnetic moments is ineffective and therefore R2* and R2
are equal.

1.4.4.2 Static Dephasing Regime

The static dephasing regime ignores the effects of diffusion and assumes all water
molecules are at fixed distances around the nanoparticle. This regime assumes that
particles are large enough that the diffusion of protons is relatively small when compared
to the interparticle distance, essentially allowing each proton to experience only one
magnetic environment. This regimes dominates when

43)

𝝅 𝟑

𝝉𝑫 > 𝟐𝜟𝝎

64

Since this regime assumes all water molecules are in a fixed location, variations in the
local magnetic environment from proton to proton are at an extreme, indicating that
particles in the static dephasing regime experience the maximum dephasing. The free
induction decay relaxivity in this regime is given by

44)

𝒓𝟐𝒔𝒅 ∗ =

𝟐𝝅𝒇𝜟𝝎
𝟐𝟕

Since this model ignores the effects of diffusion, r2* becomes an effective approximation
of r2 when 1/ Δ ω< τD<2 τCP. This model assumes particle sizes large enough to neglect
the effects of diffusion, and therefore may also hold true in situation where diffusion is
hindered. This may happen in nanoparticles suspended in viscous media or nanoparticles
stabilized with long, dense polymer brushes. It is important to note that the r2 in this
regime is independent of particle size, as seen in equation 44. This leads to the “plateau
effect” often described in the static dephasing regime, where increasing particle size does
not lead to increasing r2, rather remaining constant over the entire regime.
1.4.4.3 Echo Limited Regime

As discussed earlier in Section 1.4.2.2, to measure the dephasing of proton magnetic
spins due to spin-spin coupling and not magnetic field inhomogeneities, a spin echo pulse
sequence is used. One of the more important factors in this pulse sequence is the echo
spacing, or 2τCP. This echo spacing may play a role in the observed r2 of nanoparticle
systems, especially at large particle sizes. The echo limited regime dominates when τD >
2τcp, when the refocusing 180º RF pulses become effective at recovering some of the
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magnetization lost due to the contrast agent, and this partial refocusing of the transverse
magnetization leads to a decrease in R2 compared to R2*. If a proton does not experience
a significantly different magnetic field in the time between refocusing pulses, 2τCP, then
the transverse relaxation effectively lost during the measurement may be recovered.
When 2τCP is relatively short, then minimal diffusion of water molecules occurs in
between subsequent pulses, meaning that the 180º refocusing pulse results in some of the
transverse relaxation lost being recovered. If 2τCP is long, then diffusion of water
molecules may result in some variation in magnetic field experienced by a water proton.
When this occurs the transverse magnetization is lost and can not be recovered by the
180º refocusing pulse, and is ineffective. When 2τCP is short enough to be effective at
recovering some of the transverse relaxation, then r2 is lower than that described in the
static dephasing regime. The relaxation rate in the echo limited regime is given by the
equation:

45)

𝒓𝟐𝒆𝒍 = 𝟕.𝟐𝒇𝑫𝒙
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𝒅
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where x is given by the equation:

46)

𝒙 = 𝜟𝝎𝝉𝑪𝑷

It can be seen from these equations that when particles are in the echo limited regime, a
severe dependence on particle size exists. The relaxation rate decreases inversely with
the square of particle size.
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1.4.5

Relaxivity of Magnetite Nanoparticles

As can be seen from the previous Sections, the degree to which a magnetite nanoparticle
affects the transverse relaxation rate, commonly known as the transverse relaxivity,
increases with particle size to a certain size regime, and then decreases with further
increasing particle size. This gives rise to regime boundaries, which can be calculated
based upon particle size and the spread of Larmor frequencies. The particle size at which
the motional averaging regime transitions to the static dephasing regime is given by the
equation:

47)

𝒅𝒔𝒅 =

𝟓𝝅𝑫 𝟑

𝟏 𝟐

𝟐𝜟𝝎

For magnetite nanoparticles, this transition is usually 30-50nm in size. The transverse
relaxivity then remains constant with particle size until the boundary for the echo limited
regime occurs, which is given by the equation:

48)
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For magnetite nanoparticles, this usually occurs in the 200-300 nm size range.9 The plot
below represents the predicted relaxivity for magnetite nanoparticles for a given
saturation magnetization (Figure 1.13).
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Figure 1.13: Plot representing the predicted relaxivity for magnetite nanoparticles. It can be seen that the
relaxivity increases as a function of particle size in the motional averaging regime, remains constant
throughout the static dephasing regime, then decreases as a function of particle size in the echo limited
regime. The boundaries in this case are dsd=28nm and del=237nm.
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1.4.6

Conclusions

This review Section details the MRI mechanism, focusing specifically on the use of
magnetite nanoparticles as contrast enhancement agents. By varying the local magnetic
environments of water molecules using magnetite nanoparticles, the contrast can be
controlled by specific delivery of nanoparticles. While the use of magnetite nanoparticles
as MRI contrast agents has seen significant research since the late 80’s, the effect of
colloidal arrangement on contrast enhancement has yet to be fully explained. For
example, while the role of cluster size on MRI contrast enhancement has been
explored,158, 162, 163 it is not well known how the clusters interact inside biological
conditions. Furthermore, it is not well known how the formation of magnetically induced
colloidal arrangements affect the transverse relaxivity, which is explored in much further
detail in CHAPTER 4:.

1.5

Magnetic Nanoparticles for Cancer Therapy

While previous discussions have focused on the diagnostic applications of magnetite
nanoparticles, another commonly researched application is therapy by magnetic
hyperthermia. This is of extreme interest due to the possibility of have a multimodal
medical device; one that is able to both help with imaging and treatment of cancerous
tissue. A hyperthermia agent is something that introduces a toxic amount of thermal
energy to a prescribed area. Heat is generated by applying an alternating magnetic field
to the system of magnetic nanoparticles, wherein stimulating magnetic reversal, and the
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applied electromagnetic energy is converted to thermal energy by the relaxation of the
nanoparticles back to an equilibrium state.164-166 Local hyperthermia is considered to be
effective when the local temperature at the tumor site is raised to 42-46 ºC, which
significantly reduces the viability of cancerous tissue.111, 167, 168 This “targeted fever” may
induce cell apoptosis when local temperatures reach above 42 ºC. Magnetite nanoparticles
are commonly used for this application due to their biocompatibility and their high rate of
heat induction at low concentrations compared to bulk magnetite.64 Magnetic
hyperthermia has several proposed cancer therapy applications, including local
hyperthermia where the treatment is applied directly to the tumor cite and regional
hyperthermia where treatment is applied to a local area or body cavity. The concept of
magnetic hyperthermia and heat generation by magnetic nanoparticles is explored in
greater detail in subsequent Sections.

1.5.1

Heat Dissipation and Specific Absorption Rate

The generation of heat by magnetic nanoparticles in an alternating magnetic field is a
complicated topic that is still not entirely understood. It is most widely accepted that
magnetic nanoparticles generate heat through several magnetization reversal processes,
including hysteresis loss, Néel or Brownian relaxation, and frictional losses to the
surrounding medium. Some researchers consider the presence of eddy currents and their
effect on non-specific heating, but often this component is considered to be negligible
when compared to other heating mechanisms.169, 170
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1.5.1.1 Hysteretic Losses

In order to understand hysteretic loss, hysteresis and hysteresis loops must first be
defined. When a magnetic field is applied to a magnetic material, the atomic dipoles
contained within the material will align with the direction of the field. As described in
Section 1.2, a material is defined as ferromagnetic when the applied field is removed and
part of the obtained alignment remains, known as reminant magnetization. To reverse this
effect, the magnetized material has to be treated with either a magnetic field of opposite
direction or sufficient heat to allow for free rotation of magnetic domains. When a
material is first being magnetized, not all moments within the sample instantly align with
the field, rather the number of aligned moments increase rapidly at first and then
approach an asymptote known as the magnetic saturation. This value corresponds to
when all magnetic moments in a sample are aligned with the direction of the field and no
further magnetization of the sample can occur. If a magnetic field is then applied to this
sample in the opposite direction, the sample will start to align with the field in the
opposite direction. However, because moments within the sample are not only aligned
with the direction of the field but also with each other, there is some resistance of the
material to demagnetize. Thus the path taken by the material when it was initially
magnetized may not be the same path taken as it is demagnetized. At the point where
there is zero field applied to the system, the magnetization is offset from the origin
because of residual magnetization and this is known as the remanence. When the
resulting magnetization as a function of a wide range of magnetic field strengths is
plotted, the resulting graph is known as a hysteresis loop. The length between both sides
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of the hysteresis loop is known as the coercivity, and is defined as the materials ability to
resist demagnetization. Hysteretic loss in a magnetic sample is defined as the area inside
a hysteresis loop, which is a measure of energy dissipated per cycle of magnetization
reversal.171 (Figure 1.1) This type of heating is generally more appreciable in multidomain particles where significant hysteresis is observed. For most nanoparticles
considered for use in magnetic hyperthermia, the core size is small enough to be single
domain and therefore the dominant heating process is due to relaxation processes.

1.5.1.2 Brownian Relaxation

In magnetic nanoparticles commonly used for magnetic hyperthermia (i.e. 5-30nm), the
main mode of heat generation is Bownian and Néel relaxation. Heat is generated by the
delay in the nanoparticle magnetic moment realignment due to magnetic field reversal
times (related to frequency of applied AC field) being shorter than nanoparticle magnetic
moment relaxation times. A more physical understanding of the heat generation
mechanism is that if the magnetization of a nanoparticle lags behind the magnetic field
direction, a positive conversion of magnetic energy to internal energy and therefore
thermal energy occurs. In Brownian relaxation, the magnetic moment of a nanoparticle is
locked within the crystal lattice and the particle physically rotates with the applied
alternating magnetic field. For spherical particles the Brownian relaxation time, τB, is
given by the equation:

49)

𝝉𝑩 =

72

𝟑𝜼𝑽𝑯
𝒌𝑩 𝑻

where η is the viscosity of the solution, VH is the hydrodynamic volume of the magnetic
nanoparticles, kB is Boltzmann’s constant, and T is the temperature. This relaxation
process generates heat by the physical rotation of the magnetic moments to align with the
external field direction (Figure 1.14) When these particles rotate, friction is generated
between the nanoparticle and the surrounding medium, which can be modeled as a torque
moment related to the size of the nanoparticle, the speed at which it rotates, and the
viscosity of the surrounding medium. While viscous heating has been shown to be
especially effective in larger magnetic particles,62 this effect is not negligible in smaller
magnetite nanoparticles.

M
M

τB
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Figure 1.14: Figure depicting the physical rotation of a magnetic nanoparticle to realign with the direction
of an external magnetic field.
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1.5.1.3 Néel Relaxation

As discussed earlier, Néel relaxation is defined as the fluctuation of the nanoparticles
magnetic moment to different easy axis directions across an anisotropy energy barrier.172
Unlike Brownian relaxation, which involves the physical realignment of the nanoparticle
to the direction of the external magnetic field, Néel relaxation involves the internal
rotation of the magnetic moment to alignment with the direction of the external magnetic
field (Figure 1.15). Magnetic anisotropy is defined as the directional dependence of
materials magnetic properties. Anisotropy in magnetite nanoparticles arises from
inhomogeneities in the crystal structure, particle shape, magnetoeleastic tension, and
exchange mechanism. The most common source of anisotropy in magnetite
nanoparticles is shape anisotropy, as most if not all magnetite nanoparticles are not
perfectly spherical leading to a favorable directions of magnetization. Further details of
sources of magnetic anisotropy can be found elsewhere.60, 111 In the presence of an
external magnetic field, rotation of a particle’s magnetic moment to a position of lowest
energy (i.e. alignment of an easy axis to the direction of the applied field) requires
overcoming an energy barrier related to the anisotropic energy of the nanoparticle and its
magnetic volume. The characteristic time it takes for this realignment to occur is given
by the equation:

50)

𝝉𝑵 = 𝝉𝒐 𝒆
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𝑲𝒆𝒇𝒇 𝑽

𝒌𝑩 𝑻

where Keff is the effective anisotropy constant and V is the magnetic volume of the
nanoparticle. τ0 is a time constant that depends of several factors including the
temperature, gyromagnetic ratio, saturation magnetization as well as several other
parameters. For simplicity sake, this time constant is usually taken to be in the range of
10-9 seconds.33
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M
Figure 1.15: Figure depicting the internal rotation of a nanoparticle magnetic moment to align with the
direction of an external magnetic field.

1.5.2

Measuring the Heating Efficiency of Magnetic Nanoparticles

It is apparent from both equation 49 and 50 that both Brownian and Néel relaxation are
very dependent on nanoparticle size. Both mechanisms are usually considered to occur in
tandem, with an effective relaxation constant given by the equation:
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𝟏
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𝟏
𝝉𝑩

+

𝟏
𝝉𝑵

However, while both relaxation mechanisms occur in tandem, one mechanism usually
dominates the other which is dependent on the effective anisotropy of the system,
viscosity of the media, and size of the nanoparticle. For most magnetic nanoparticle
systems suspended in water, smaller particles are generally dominated by the Néel
relaxation mechanism while larger particles are dominated by the Brownian motion
mechanism. The volumetric power dissipation of the system can then be calculated by
the equation:173, 174

52)

P=𝝁𝒐 𝝅𝝌!! 𝒇 𝒇𝑯𝟎 𝟐

where µ0 is the permeability of free space, χ” is the imaginary component of the magnetic
susceptibility, f is the frequency of the applied field, and H0 is the applied field strength.
When the equation for the imaginary susceptibility is substituted in for χ”, the equation
expands to:

53)

𝑷=
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where Ms is the saturation magnetization of the nanoparticle, V is the volume of the
nanoparticle, and τ is the effective relaxation of the system. When considering the effect
of magnetic nanoparticles on the heating of a dispersion medium, often the specific
absorption rate (SAR) of the nanoparticle system is used to classify the rate at which
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electromagnetic energy is absorbed by the surrounding media. The SAR of a magnetic
nanoparticle system is often represented as watts per gram particle, and is proportional to
the volume power dissipation by the mean mass density of the particles and the equation:

54)

𝑷

𝑺𝑨𝑹 = 𝝆

𝑭𝒆

where P is the power dissipation function and ρFe is the density of iron. The SAR of a
suspension of magnetite nanoparticles is often obtained experimentally, and is a function
of the observed temperature increase in solution, the specific heat of the suspension, and
the concentration of magnetic nanoparticles. The SAR is therefore given by the equation:

55)

𝑺𝑨𝑹 = 𝑪

𝜟𝑻 𝟏
𝜟𝒕 𝒎𝒇𝒆

where C is the specific heat of the magnetite nanoparticle suspension, ΔT/ Δt is the initial
slope of the time dependent temperature curve from a magnetic hyperthermia experiment,
and mfe is the weight fraction of iron in the suspension. It is important to note that when
SAR is experimentally determined, it is usually reported independent of the field and
frequency of the AC field used. Since as discussed earlier the heating of magnetic
nanoparticles is dependent upon the magnetization lagging behind the field reversal time
of the AC field, the heating of magnetic nanoparticles is intrinsically frequency and field
dependent. This is most noticeable in equation 52, where the imaginary component of
the magnetic susceptibility is a function of frequency. This makes comparisons between
varying magnetite suspensions inherently difficult, giving rise the wide range of SARs

77

represented in literature.18, 19, 175-178 This has lead to the development of another reported
parameter, the intrinsic loss power (ILP).18 This is given by the equation:

56)

𝑰𝑳𝑷 =

𝑺𝑨𝑹
𝒇𝑯𝒐 𝟐

While this parameter is a step in the right direction, it still has limitations. For instance,
several researchers have discovered a strong dependence of the imaginary susceptibility
on the frequency of the applied field, leading to possible inaccuracies in the ILP.176, 179
For this reason, most researchers still simply report the SAR of their sample alongside
their experimental field and frequency.

1.5.3

Magnetic Nanoparticle Hyperthermia Systems

In the past several years, most magnetic hyperthermia research has focused on optimizing
the nanoparticle agent for the maximum SAR possible to allow for high efficiency of
treatment at low doses. On the surface it appears as simple as increasing the field
strength and frequency, as seen by equation 53, as this should increase the power
dissipation of the system. However, one of the main limiting factors of this is the human
biological response to an alternating magnetic field, with a upper limit of acceptable
µ0H0f values.180 According to Brezovich, the product of H0 and f has to be below
4.85x108 Am-1s-1 or the patient would experience significant discomfort, however this
exact value has been widely disputed. Typical values for medical treatments used to this
date are a frequency of 100kHz and a magnetic field strength of 20mT.181 The worries
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are that by introducing a significant field and frequency may introduce Eddy currents into
the patient, producing unwanted tissue heating. Furthermore, AC fields with high enough
frequencies may induce nerve synapses firing inside the patient resulting in excruciating
pain. Because of this, it is important to design magnetic hyperthermia particle systems to
have a maximum heating rate inside existing AMF equipment.

The specific design

elements of these systems are discussed in greater detail in the following Sections.

1.5.3.1 The Effect of Particle Size on Magnetic Hyperthermia

Perhaps the greatest design area when it comes to magnetite nanoparticles for use as
magnetic hyperthermia agents is optimizing the SAR for a given field and frequency.
The SAR of magnetic nanoparticles can be increased is several ways, as demonstrated by
Equation 49. First, the power dissipation is directly proportional to the magnetic
saturation value. Also, optimizing the anisotropy can increase SAR, as this has shown
great importance recently.182

While these two parameters in theory can help optimize

magnetic nanoparticles SAR values, experimentally they are difficult to accomplish. The
anisotropy of a material is inherently difficult to control, as it is dependent on several
factors, including the crystalline structure, magnetoeleastic tension, shape, and colloidal
arrangement. Some researchers have tried optimizing the anisotropy by modifying the
shape of the nanomaterials, experimenting with cubes,58, 183-185 rods,185 triangles,186 and
discs.187, 188 Of these shapes, the most studied and perhaps most promising is nanocubes,
due to their high saturation magnetization, moderate anisotropy constant, and high initial
susceptibility.58
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A more common approach to optimize and tune the SAR of magnetic nanoparticles is by
controlling the particle core size. The simple assumption here is since it has been shown
that increasing nanoparticle size increases the magnetic saturation value,189 that the SAR
should increase accordingly. This is not the case however, as this topic becomes slightly
more complicated when the idea of particle systems dominated by Brownian versus Néel
relaxation and frequency dependence are introduced. Particles are usually dominated by
one relaxation mechanism or the other, with most researchers agreeing the transition from
Néel relaxation dominated to Brownian relaxation dominated occurrs between 1217nm.22, 190 Therefore, while larger particles have higher saturation magnetization
values, their heat dissipation is Brownian relaxation dominated, which is severely
dependent on both the hydrodynamic volume of the particle and the surrounding viscosity
of the medium, which may be detrimental in in vivo applications. Another pitfall of
larger magnetite nanoparticles is the typical increase in particle size distributions with
increasing particle size. As demonstrated by Rosensweig in 2002, there exists an optimal
size particle for a given field and frequency that exhibits maximum heating efficiency.22
If equations 45 and 46 are examined closely, it can be observed that the Brownian
relaxation time varies linearly with the hydrodynamic volume of a magnetite nanoparticle
while the Néel relaxation varies exponentially with the magnetite core volume. For a
sample consisting of a single size magnetite nanoparticle (i.e. monodispersed), the
effective anisotropy of the system remains constant from nanoparticle to nanoparticle. In
this scenario the only variable that affects the heating rate then is the volume, which
determines whether Brownian or Néel relaxation is dominant. Since this is never fully
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achieved and size dispersion always exists, only a fraction of each assembly of magnetite
nanoparticles will contribute optimally to the heating rate. For instance, if the optimal
size for maximum heating is at 16nm, the larger the deviations from that size the less the
heating efficiency. For a given assembly of nanoparticles, the optimum heating
efficiency is given by nanoparticles who fill the requirements of 2πfτ=1.166, 191 It has been
demonstrated that an 85% loss in the heating capacity occurs with as little as a 0.25
numerical standard deviation in particle size.22 It is therefore crucial to develop magnetic
materials to be as monodisperse as possible.

Finally, several researchers have calculated and experimentally shown a frequencynanoparticle core size dependence on the heating rate efficiency.60, 190, 192, 193 This
frequency dependence has been addressed by many researchers with varying results.
However, most researchers agree that the loss power linearly increases with frequency
with a maximum centered around the transition from Néel relaxation dominated particles
to Brownian relaxation dominated particles, or between 12-17nm.177 This is most likely
due to the exponential dependence of the Néel relaxation time on particle volume and the
linear dependence of Brownian relaxation with particle volume. As the Brownian
relaxation time increases linearly with nanoparticle volume, significant heating can be
observed through this mechanism for a wide range of particle sizes. By comparison, Néel
relaxation time varies with particle magnetic core volume exponentially, meaning that
there is a particle size in which the loss power is maximized for a given frequency. This
dependency is due to the fact that the Néel relaxation time rises exponentially with
anisotropy energy (energy required to flip magnetization direction across easy axis).
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Significantly more research is needed in this area as particle size dependence is widely
varied amongst researchers, with a wide of range maximum SAR values being reported.

1.5.3.2 The Effect of Polymer Coating on Magnetic Hyperthermia

While most researchers have focused on the effect of magnetic core volume on magnetic
hyperthermia, some researchers have investigated the effects of particle hydrodynamic
volume on the SAR.194, 195 The effect of the polymer brush coating is two fold; it
determines the particle stability for sterically stabilized nanoparticles as well as controls
the hydrodynamic volume, the main component in the Brownian relaxation time.
According to Equation 49, the Brownian relaxation time varies linearly with the
hydrodynamic volume. Therefore one can expect, according to Equation 49 and 53, that
as the hydrodynamic diameter for a certain core size particle is increased, the overall
power dissipation should decrease. This is physically to be expected as longer brushes
tend to inhibit particle rotation due to increased viscosity in the immediately surrounding
solution. However, while reducing the size of the polymer stabilizing brush would
theoretically increase the power dissipation, it also significantly reduces the colloidal
stability of the system, as covered in Section 1.3.6.2. Particle systems that are not
sufficiently stabilized may cluster in biological media, leading to the removal via the
reticuloendothelial system. Furthermore, since clustering is an inherently uncontrollable
process in vivo, power dissipation may be severely decreased by particle clustering as this
increases the effective size distribution of the particle suspension. Therefore it is
important to design particle systems that have a sufficient polymer brush length to
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provide robust stabilization as well as maximize the loss power of the system. Also,
recent research has suggested that the magnetic interactions of these systems are far
greater and long range than expected which leads to field induced colloidal arrangements
such as chain formation. This topic as it relates to magnetic hyperthermia agents is
discussed in further detail in Chapter 3 and MRI contrast agents in Chapter 4.
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CHAPTER 2: THE STABILITY OF CATECHOL BASED LIGANDS IN
BIOLOGICAL MEDIA: A COMPARTIVE STUDY
2.1

Introduction

Recently, there have been significant advances in the use of magnetic nanoparticles for
various biomedical applications, including magnetic resonance imaging (MRI) contrast
agents,7, 9, 196 magnetic particle imaging (MPI),27 drug delivery vehicles,197, 198 and cancer
therapy using magnetic hyperthermia.14, 199-202 The most heavily used particle systems for
these applications are iron oxide particles coated with dextran, which was popular
because of its low cost, ease of creation, and biocompatibility.83, 203, 204 There has also
been significant research into particles coated by polymers using a “grafting-to”
approach, where the terminal end of a polymer is bound to the surface.205, 206 This
method has significant advantages over dextran coatings because of increased stability
inside biological media and the ability to tune the number of chains per unit area, the
stabilizing molecular weight of the chains, and the resulting particle hydrodynamic
diameter. It has been previously reported that biological media may be extremely
detrimental to the stability of these nanoparticle systems, and it is therefore crucial to
understand particle stability inside of biological media.106, 207 The stability of these
polymer-particle systems in biological media is a crucial aspect for many potential
applications, as the size and stability of these systems can determine uptake by the
reticuloendothelial system (RES) and their final bio-distribution.208, 209 The ability of
nanoparticle systems to remain discrete in biological media furthermore dictates their

84

usefulness in MPI, with it being recently proven that the mass sensitivity can be
maximized by designing the magnetic nanoparticle core with a specific physical
diameter. The sensitivity of this technique would decrease significantly if nanoparticles
clustered in biological media.27 Finally, it has recently been shown that the magnetic
nanoparticle core size plays a crucial role in their frequency response in magnetic
hyperthermia, an effect that particle agglomeration would diminish dramatically.210
Therefore, producing particles that are stable in biological media is critical the success of
these applications.

The biological stability of these systems is governed by many different aspects, with none
more important than the type of surface coating utilized. For magnetite nanoparticle
systems using an anchored polymer brush, the binding strength of the anchor group is of
the upmost importance as any displacement of these anchor groups by biological media
results in the lowering of the polymer brush density, decreasing particle stability, and
increasing the likelihood of particle clustering. Common anchor groups employed are
carboxylic acid,211 silanes,194, 212 and phosphonates.112 More recently, catechols and
nitrocatechols have garnered increasing interest as an alternative to more traditional
binding groups, which is because of their robust anchoring to iron oxide nanoparticles.213216

Amstad et al.214 have demonstrated that nitrated 3,4 dihydroxy-L-phenylanaline

(nitroDOPA) anchor groups provide significant advantages over other anchor groups in
that they provide robust adhesion even in the presence of phosphate buffered saline
(PBS). Other research groups have adopted the strategy of creating multi-anchor ligands
with the purpose of resisting displacement by having multiple attachment points.217 For
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example, Goff et al.112 has been successful in creating a tri-phosphonate poly(ethylene
glycol) (PEG) ligand that has shown high binding strength to magnetite, with very little
displacement in PBS.

The goal of this research was to combine these two effective technologies and to create a
tri(nitroDOPA) terminated PEG polymer, and to investigate the stability of this multianchor group polymer when introduced to biological conditions. PBS was used in this
study because it is a common isotonic buffer solution employed in cell culture media to
maintain the osmolarity of the cells. Fetal bovine serum (FBS) was also used in this
study, as it is also a common growth supplement used in cell culture media and contains a
protein rich environment. To test the stability of particles modified with this newly
synthesized tri(nitroDOPA) ligand in these biological medias, the displacement of the
tri(nitroDOPA) polymer coating was measured after dialysis against PBS for 48 hours.
Furthermore, the hydrodynamic size of this magnetite suspension was measured as a
function of PBS concentration. Finally, the time dependent stability of the suspension in
the presence of PBS and FBS was tested by measuring the hydrodynamic size of the
suspension as a function of time. These results will then be compared to the stability of
magnetite nanoparticles stabilized with PEG ligands with a monofunctional 3,4
dihydroxy-L-phenylanaline (L-DOPA) and nitroDOPA anchor group in order to elucidate
any potential advantages in a multi-group anchor.
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2.2

2.2.1

Experimental

Materials

3-chloropropyltrichlorosilane was purchased from Gelest and was fractionally distilled
under reduced pressure prior to use. Tetrahydrofuran (THF) was purchased from Fisher
Scientific and was dried over calcium hydride before use. Sodium iodide was purchased
from Aldrich and dried in a vacuum oven overnight at 110 ºC. Naphthalene was
purchased from Aldrich and was puriﬁed by sublimation. Linear monofunctional
hydroxyl terminated poly(ethylene glycol) monomethyl ether (PEG-OH) of molecular
weight 5000 g/mol was purchased from Sigma Aldrich and was dried at 100 ºC in a
vacuum oven overnight prior to use to remove water. Oleylamine was purchased from
Sigma Aldrich and was fractionally distilled before use. Finally, iron(III) acetylacetonate
was purchased from Fluka and used without further purification. A 1.6M solution of
vinylmagnesium chloride in THF, hexamethylphosphoramide (HMPA), benzyl ether,
triethyl amine (TEA), dimethyl formamide (DMF) toluene, ethyl ether, dimethyl
aminopyridine (DMAP), N,N’-dicyclohexycarbodiimide (DCC), N-hydroxysuccinimide
(NHS), hexane, ethanol, succinic anhydride, sodium nitrite, sulfuric acid (95%), LDOPA, sodium bicarbonate, potassium metal, ethylene oxide, diethyl ether, toluene,
mercaptoundecanoic acid, 2,2- azobisisobutyronitrile (AIBN), dichloromethane, acetone,
chloroform, phosphate buffered saline (PBS, pH 7.4), and acetic acid were all purchased
from Sigma Aldrich and were used as received.
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2.2.2

Synthesis of Iron Oxide Nanoparticles

Particles were prepared via a modified method first presented by Sun et al.39 Briefly,
magnetite particles were produced by adding iron (III) acetylacetonate (Fe(acac)3, .35g,
1mmol) and oleylamine (OAm, 2.5mL, 17.09mmol) in 17.5mL of benzyl ether to a round
bottom flask under a nitrogen blanket. The solution was then heated at 3 ºC per minute to
300 ºC and held isothermally under reflux for 1 hour. The particles were purified by
repeated washing with ethanol and centrifugation.

2.2.3

Synthesis of Polymer Ligands

To investigate the role of the anchor group on nanoparticle stability in biological media,
three PEG polymers with very similar molecular weights containing a L-DOPA,
nitroDOPA and tri(nitroDOPA) anchor were synthesized. The synthesis for each ligand
is presented below.

2.2.3.1 Synthesis of PEG5000-DOPA

Hydroxyl terminated monofunctional PEG (5000 g/mol MW, 10g, 2 mmols) was reacted
with succinic anhydride (.25g, 2.5 mmols) and DMAP (.24g, 2 mmols) and TEA (.202g,
2 mmols) in anhydrous THF (20mL) at room temperature for 8 hours. The polymer was
then precipitated into ethyl ether and centrifuged for collection, followed by extraction
using dichloromethane, yielding a carboxylic acid terminated monofunctional PEG
(9.12g, 89.4% yield). The resultant product of a carboxylic acid terminated PEG (9.12g,
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1.79 mmols) was then reacted with DCC (.46g, 2.23 mmols) and NHS (.21g, 1.79
mmols) in THF (20mL) at room temperature for 4 hours. The product was purified via
vacuum filtration and precipitation into isopropyl ether, resulting in a NHS terminated
PEG(7.98g, 85.6% yield). Finally, PEG-NHS (7.98g, 1.53 mmols) was reacted with LDOPA (.392g, 1.98 mmol), in an anhydrous solution of DMF (10mL) to create a LDOPA terminated PEG. The polymer was purified by precipitation into ethyl ether, redispersion into dichloromethane, and vacuum filtered. (5.72g, 70.6% yield) Polymer
modification was verified by nuclear magnetic resonance (1HNMR) spectroscopy by
peaks at 6.6, 6.75, 6.85 ppm (CH, ring, DOPA), 2.7, 2.8 ppm (doublet, ring-CH2-CH,
DOPA), 2.1 ppm (O=C-CH2-CH2-C=O, succinic anhydride addition), and 3.65 ppm (OCH2-CH2-O, PEG).
2.2.3.2 Synthesis of PEG5000-nitroDOPA

To provide a more robust anchor to magnetite, L-DOPA was converted to nitroDOPA
using a similar method as described by Yang et al.198 To nitrate the catecholamine, 1.97
g of L-DOPA (10mmol) was dissolved in 25 mL of deionized water along with 1.52 g
(22 mmol) of sodium nitrite. The water solution was then placed in an ice bath and
allowed to cool down to approximately 40C. A 17.4 mM solution of sulfuric acid (0.927
mL concentrated sulfuric acid in 10 mL of deionized water) was then slowly dripped into
the system at 0.2 mL/min addition rate. The formation of a yellow/brown precipitate
indicated the presence nitro-3,4 dihydroxyphenylanaline (nitroDOPA). The reaction
mixture was then filtered to remove the nitroDOPA and the resultant precipitant was
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washed three times with methanol.Nitration of L-DOPA into nitroDOPA was confirmed
by 1HNMR by peaks at 6.1ppm (CH, ring, nitroDOPA), 6.8ppm (CH, ring, nitroDOPA),
1.8ppm and 2.4ppm (ring-CH2-CH2-C).
To modify PEG with nitroDOPA, the reaction performed was similar to the previously
described method of preparation of PEG-DOPA, with the exception that nitroDOPA was
substituted for L-DOPA in the final modification step. Polymer modification was verified
by NMR by peaks appearing at 6.1 and 6.75 ppm (CH, ring, nitroDOPA), 2.7 ppm
(triplets, CH2-CH2, nitroDOPA), 2.1 ppm (O=C-CH2-CH2-C=O, succinic anhydride
addition), and 3.65 ppm (O-CH2-CH2-O, PEG).
2.2.3.3 Synthesis of Trivinyl(3-hydroxylpropyl) silane

For creation of a tri(nitroDOPA) polymer, a trivinyl PEG polymer must first be
synthesized, which was previously reported by Vadala et al.211 Briefly, 3chloropropyltrichlorosilane (0.07 mol, 0.024 equiv of chlorosilane, 3.7 mL, 5 g) was
reacted with vinylmagnesium chloride (0.08 mol, 50 mL of a 1.6 M vinylmagnesium
chloride solution in THF) at 60 ºC in 10mL of anhydrous THF under nitrogen at reflux
for 24 hours. After reaction, the solution was concentrated using a rotary evaporator,
followed by dissolving the product in dichloromethane and filtration to remove salt byproducts. The product was then purified by vacuum distillation at 100 °C and 0.8 Torr to
yield the product, trivinyl(3-chloropropyl)silane.
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In the next reaction step, trivinyl(3-chloropropyl)silane (0.016 mol, 3 g) was converted to
trivinyl(3-iodopropyl)silane by reaction of the product from the previous reaction with a
2-fold excess of sodium iodide (0.032 mol, 5.5 g) in acetone (25mL) for 48 hours at 60
°C. Following the reaction, the acetone was removed by rotary evaporation, and the
product was then dissolved in chloroform (150 mL). The salt byproducts and impurities
were then removed by vacuum ﬁltration. The trivinyl(3-iodopropyl)silane product was
then purified by vacuum distillation at 70 °C and 0.8 Torr.

In the next initiator synthesis step, trivinyl(3-iodopropyl)silane(0.009mol, 2.5 g) was
converted to trivinyl(3-hydroxypropyl)silane by reacting the product from the previous
reaction with HMPA (5 mL), sodium bicarbonate (0.009 mol, 0.76 g), and deionized
water (0.009 mol, 1.5 mL) at 100 °C for 24 h. The product was extracted twice from the
aqueous mixture with chloroform in a separatory funnel. The chloroform was evaporated
by rotary evaporation, and the trivinyl(3-hydroxypropyl)silane product was purified by
vacuum distillation at 90 °C and 0.8 Torr. Trivinyl(3-hydroxypropyl)silane was
confirmed by 1H NMR (CDCl3): δ 0.71 ppm (2H), δ 1.65 ppm (2H), δ 3.51 ppm (2H), δ
5.70-6.18 (9H).

To complete the initiator synthesis, the trivinyl(3-hydroxypropyl)silane (0.0075 mol, 1.26
g) was reacted with potassium naphthalide (0.0071 mol, 7.5 mL of a 0.95 M solution of
potassium naphthalide in THF) in 10 mL of THF under a nitrogen purge to form the
alkoxide initiator.
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2.2.3.4 Synthesis of PEG5000-trivinyl

The synthesis of a 4300 g/mol trivinylsilylpropoxy-terminated poly(ethylene glycol) was
done according to previously reported.211 A brief description of the route is presented
here. Initially, a 300 mL Parr pressure reactor was cooled to -50 °C utilizing a liquid
nitrogen/acetone bath. Ethylene oxide (0.341 mol, 15 g) was then distilled into the Parr
reactor using a pressure and temperature gradient. The alkoxide trivinyl(3hydroxypropyl)silane initiator solution was then added to the Parr reactor via syringe
along with an additional aliquot of THF (10 mL). The liquid nitrogen/acetone bath was
then removed from the reactor and the solution was allowed to warm to room
temperature. The solution was then stirred for 24 hours. After reaction, the
polymerization was terminated by the addition of acetic acid (0.0075 mol, 3 mL of a 2.5
M solution of acetic acid in THF) under nitrogen. The solution was then removed from
the reactor and was precipitated into diethyl ether. The product was then re-dissolved
into dichloromethane and washed twice with water. The solid product of trivinylpoly(ethylene glycol) was then obtained by evaporating the solvent. Confirmed by 1H
NMR (CDCl3): δ 0.72 ppm (2H), δ 1.64 ppm (2H), δ 3.42 ppm (2H), δ 3.35-3.90 (604H),
δ 5.68-6.20 (9H). Molecular weight of the polymer was confirmed to be a4300 g/mol
using gel permeation chromatography (GPC) in chloroform using a calibration curve of
PEG standards.
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2.2.3.5 Synthesis of PEG5000-tricarboxylic acid

To create a tri-carboxylic acid terminated PEG, trivinyl-PEG (2g, .462 mmols) created
from the previous reaction was reacted with mercaptoundecanoic acid (.303g, 1.39mmol)
and AIBN (3.1 x 10-4g, 1.89 x 10-3 mmol) in toluene at 80 °C for 2 hours. The solvent
was then removed using a rotary evaporator and the product was redispersed into
dichloromethane. The solution was then precipitated into ethyl ether and the final
product of tri-carboxylic acid terminated PEG (1.93g, .38mmol, 82.3% yield) was filtered
and vacuumed dried overnight to remove any residual solvent.

2.2.3.6 Synthesis of PEG5000-tri-N-hydroxysuccinimide

The polymer synthesized in 2.3.5 was activated for reaction with an amine by reaction Nhydroxysuccinimide (NHS). In a typical reaction, tri-carboxylic acid terminated PEG
(1.93g, .38mmol) was dissolved into 20mL of chloroform. Dicyclohexylcarbodiimide
(DCC, 2.99g, 1.45mmol) was then added to the solution and the mixture was allowed to
stir for 1 hour. NHS (1.33g, 1.2mmol) was then added to the solution, and the mixture
was then allowed to react for 4 hours. The solution was then filtered to remove
impurities and precipitated with ethyl ether and vacuum dried overnight, resulting in the
final product of tri-NHS terminated PEG (1.9g, .358mmol, 94.2% yield).
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2.2.3.7 Synthesis of PEG5000-DOPA

In the final reaction step, the tri-NHS synthesized polymer was reacted with nitroDOPA
to form a tri(nitroDOPA) terminated polymer. In a typical reaction, tri-NHS PEG (1.9 g,
0.358 mmol) was dissolved into 10mL of DMF under a nitrogen purge. To this solution,
nitroDOPA (.26 g, 1.02 mmol) is added via syringe. The solution is allowed to react for
8 hours, and following reaction was precipitated using ethyl ether. The resultant white
polymer with very light hint of yellow was then dissolved in chloroform and filtered to
remove impurities. The chloroform solution was then precipitated with hexane and
vacuum dried overnight resulting in the final product tri(nitroDOPA) terminated PEG
(1.4 g, 0.245 mmol, 68.5% yield). The total reaction scheme is depicted in Figure 2.1.
NMR verified polymer modification by peaks appearing at 6.1 and 6.75 ppm (CH, ring,
nitroDOPA), 2.7 ppm (triplets, CH2-CH2, nitroDOPA), 1.3 ppm (CH2-CH2
mercaptoundecanoic acid), and 3.65 ppm (O-CH2-CH2-O, PEG). The schematic for
synthesis of both monofunctional PEG-nitroDOPA and PEG-tri(nitroDOPA) is presented
below (Figure 2.1).
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Figure 2.1: Schematic diagram representing the synthesis of monofunctional PEG-nitroDOPA (left) and
trifunctional PEG-tri(nitroDOPA) (right).

2.2.4

Modification of Magnetite Nanoparticles

To transfer the as synthesized particles into hydrophilic media, the magnetite particles
were modified with each of the synthesized polymers, as catechol’s have been
demonstrated to have a high surface affinity.214 To do this, 0.025 mmol of each polymer
was separately dissolved in 10mL of chloroform. To this solution, 3mL of the iron oxide
nanoparticles in chloroform was slowly dripped (5-10 drops a minute) into the polymer
solution under sonication. The particle solution had a concentration of 3.3mg Fe/mL for
a total of 10mg of magnetite particle modified with each polymer set. Once all particle
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solution was added, the chloroform solution was allowed to sonicate for another 30
minutes (Figure 2.2). Following this, the particle/polymer solution was then placed on a
shake plate overnight. Following complete reaction, the polymer-coated nanoparticles
were precipitated from chloroform using hexane and collected using centrifugation. The
polymer coated nanoparticles were then redispersed into water and dialyzed against water
using a molecular weight cut-off of 14,000 g/mol tube for 3 days to remove any
unreacted polymer.

Figure 2.2: Modification of magnetite nanoparticles with polymer in solution. It is important to have an
excess of polymer per magnetite nanoparticle to achieve the highest possible surface loading, which is why
particles are dripped slowly in to polymer solution.
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2.2.5

Experimental Design

To test the effectiveness of each of these ligands binding strength to the surface of
magnetite each polymer-coated system was tested under the same biological conditions
(PBS and FBS). This was accomplished by taking 5mL each sample suspension and
dialyzing against 250mL of 0.01M PBS for 48 hours, with 6 total PBS changes. Each
particle/polymer suspension was then re-dialyzed into water after the 48 hour period to
remove any unbound ligand and residual salts that may affect later measurements. To
further monitor the stability of these systems, the hydrodynamic diameter of each of the
polymer-coated systems was measured as a function of increasing PBS concentration and
time in a 0.01M solution of PBS using dynamic light scattering (DLS). Time dependent
studies were also conducted in fetal bovine serum (FBS) to monitor the time dependent
stability of these systems in a protein rich environment.

2.2.5.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used to obtain the core size of the
particles used for this series. Samples were prepared by dropping a diluted water solution
of each polymer/particle complex onto copper grid coated with a carbon film. Highresolution TEM images were acquired at an accelerating voltage of 300 kV on a Hitachi
H-9500 instrument. Image analysis was performed using Adobe Photoshop® using
Fovea-Pro 4 plugin by Reindeer Graphics©. Approximately 300 particles were measured
for each nanoparticle system produced.
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2.2.5.2 Thermal Gravimetric Analysis

Thermogravametric analysis (TGA) was used to analyse the polymer loading on each
nanoparticle series before and after a 48 hour dialysis with PBS. After this 48 hour
period, each sample was then dialyzed against deionized water to remove any residual
salts and unbound polymer from the system to not influence the observed weight loss in
TGA. For each polymer/particle system, between 2-5mg was evaporated onto a platinum
TGA pan and then heated to 900 0C on a TA Instruments High Res 2950 instrument with
a 15 0C/min heating rate. The polymer loading burn off was then measured and
compared to nanoparticle surface area to calculate the number or polymer chains per
square nanometer of nanoparticle surface area before and after dialysis. For these
calculations the char yield of PEG was measured and was determined to be negligible and
any mass left after 700 0C was considered to be the inorganic magnetite. The reduction
of polymer chains per square nanometer is recorded.

2.2.5.3 Dynamic Light Scattering

Dynamic Light Scattering (DLS) was used to identify the hydrodynamic diameter of each
of the PEG coated particles in the series. Intensity average size in DLS can be a good
indication of particle stability and clustering, and readings were taken as a function of
PBS concentration to gain an understanding of the extent of clustering in each system
induced by increased PBS concentration. To do this, each polymer-coated suspension
was diluted to 0.1mg Fe/mL, and then increasing volumes of 1X PBS was titrated into
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each sample. The volume added to each 1mL sample particle solution was 0.1mL,
0.5mL, and 1mL for a final PBS concentration of 10% (v/v), 33% (v/v), and 50% (v/v).
Measurements were made after a 5-minute equilibrium time to allow diffusion of PBS
throughout each sample. Measurements were conducted using a Malvern Zetasizer Nano
ZS using water as the solvent at 25ºC. For the 100% PBS sample, a 1mL aliquot was
taken of each sample and dialyzed against 1X PBS for 48 hours. It is important to note
that the pH is important when measuring particle stability, and the pH of our 1X stock
solution of PBS was measured to be 7.4. The pH of each of the concentration series
samples was then sequentially measured, and varied between 7.1 and 7.4. In addition, in
order to observe surface charge as function surface modification, zeta potential
measurements were made in DI water at a concentration of 0.1mg Fe/mL.

2.2.5.4 Time Dependent Stability Measurements

Time dependent measurements were used to determine the stability of these polymer
suspensions in biological media as a function of time. To do this, 0.1mL of 10X PBS
was added to 0.9mL of each polymer coated magnetite suspension at 0.1mg Fe/mL. The
Z-average hydrodynamic size is reported as a function of time over 24 hours. The Zaverage size is used here because it gives the mean diameter of the intensity average
hydrodynamic size. To further test the time dependent stability of these suspensions, the
Z-average hydrodynamic size was measured as a function of time in FBS. Samples were
prepared by adding 0.1mL of FBS to 0.9mL of each particle suspension at 0.1mg Fe/mL,
creating a 10% by volume solution of FBS. Finally, time dependent measurements were
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taken of the tri(nitroDOPA) sample in a high salt concentration environment in order to
analyse the long-term stability of the particles in the presence of a high ionic strength
media. To do this, the tri(nitroDOPA) coated particles were dispersed in a solution
containing 1.8 molar solution of sodium chloride and a .18 molar solution of calcium
chloride. The hydrodynamic size of the system was recorded at room temperature for 24
hours.

2.3

Results and Discussion

The stability of polymer coated magnetite nanoparticles under biological conditions was
tested here so that the effectiveness of a multi-anchor group polymer could be compared
to monofunctional polymers. To investigate the potential loss of particle surface coating
ligands, the loss of polymer surface coating density was determined using TGA before
and after dialysis against PBS for 48 hours. To investigate if PBS significantly altered the
stability of these systems, the hydrodynamic diameters of these systems were measured
as a function of PBS concentration. PBS was used for this study because it is a common
physiological buffer and has been shown to interfere with the colloidal stability of
nanoparticles in solution.112, 214 To further investigate the stability of these suspensions in
biological media, the hydrodynamic size of each suspension was measured as a function
of time in both PBS and FBS. To calculate the surface coverage of ligands based upon
the weight loss from TGA, and to compare measured particle sizes from DLS to
theoretical hydrodynamic diameters, the blob model as reported by Mefford et al136 was
used, which is described later on.
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2.3.1

TEM

The mean particle size of the magnetite nanoparticle solution created from the thermal
decomposition of iron(acac)3 in the presence of oleylamine and benzyl ether used in this
study was determined from TEM to be 6.5nm with a numerical standard deviation of +/1.05nm (Figure 2.3). Several aliquots of sample were measured along with multiple
positions on the TEM grid to ensure particle size accuracy.

Figure 2.3: TEM image of magnetite nanoparticles used in this study (left). Particle size distribution is
presented on right.

2.3.2

Calculations of Polymer Brush Size and Density

One of the more important factors for this study is to analyse the cluster formation of
each polymer-particle system as a function of PBS concentration. This is based off the
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assumption that as PBS displaces the surface coating, the steric repulsion mechanism
decreases, therefore decreasing overall particle stability and increasing the observed
amount of clustering in the system. To accomplish this, the measured hydrodynamic
diameter must be compared to theoretical expectations. For these systems, the theoretical
hydrodynamic diameter was calculated using the blob model,136 which is based on a
model for star polymers by Daoud and Cotton,218 and assumes concentric shells with a
constant number of blobs in each shell. Using this model, the hydrodynamic diameter of
each polymer-particle system can then be calculated by:

57)
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where ν is the Flory exponent (0.583 for PEG in water),219 r is the radius of the magnetite
particle, and Nk is the number of Kuhn segments in one of the corona chains, Lk is the
Kuhn segment length, (0.7 nm),220 and f(r) is the number of corona chains per particle.
The number of Kuhn segments is defined by

58)

𝑵𝒌 = 𝒏/𝒄!

where n is the number of backbone bonds in a chain (3 times degree of polymerization
for PEG), and C∞ is the characteristic ratio of PEG (4.1).221 The Kuhn segment length, Lk,
is defined as
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59)

𝑳 𝒌 = 𝒄! 𝒍𝟎

where l0 is the average length of a backbone bond (0.17nm). f(r) is the number of corona
chains per particle, and can be calculated using the equation

60)

𝒇 𝒓 = 𝟒𝝅𝒓𝟐 𝝈

where σ is the surface density of chains on each particle. Using this model, the theoretical
hydrodynamic diameter can be calculated and compared to measured particle sizes from
DLS to gain an understanding of the degree of clustering in the polymer-particle system.
(Table 1) It is assumed that when measured particle sizes by DLS are significantly larger
than what is predicted from the blob model, significant clustering or agglomeration of the
particles is occurring.

2.3.3

TGA

To observe the effect of biological media on nanoparticle surface coverage and ligand
removal, each of the three polymer coated samples were dialyzed against PBS for 48
hours. TGA was used to determine the surface coverage of polymer in each system
before and after dialysis to determine the amount of polymer removed. (Table 1)
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Sample Name

Initial Measured
Intensity
Average
Diameter (nm)

50% PBS Intensity
Average
Hydrodynamic
Diameter (nm)

Calculated
Hydrodynamic
Diameter (nm)

Total
MW
(g/mol)

Initial
Mass
Loss
(%)

Initial
Surface
Coverage
(chains/nm2)

PEO-DOPA

39.7

53.4

37.5

5197

74.6

1.7

After
PBS
Mass
Loss
(%)
66.7

PEO-NDOPA
PEOtriNDOPA

89.6

44.3

36.7

5242

72.4

1.5

66.4

1.17

25

68.7

73.8

44.8

5712

88.2

4.1

87.3

3.75

8.1

After PBS
Surface
Coverage
(chains/nm2)

Polymer
Chains
Removed
(%)

1.2

32.2

Table 1: Comparison of each of the polymer coated particles in the series. Comparisons are made between
the initial measured hydrodynamic diameter and what is calculated from the blob model. Surface coverage
values are also compared between sample for before and after dialysis against PBS for 48 hours.

It can be seen from the TGA results that the PEG-DOPA and PEG-nitroDOPA coated
samples had very similar initial surface coverage. The PEG-DOPA had a higher surface
coverage than the PEG-nitroDOPA, which is most likely because of the increased steric
repulsion between polymer anchor groups in the nitroDOPA sample from the addition of
the nitro group. The PEG-tri(nitroDOPA) sample had the highest initial surface
coverage, which is contributed to the multiple attachment points and higher difficulty in
removing polymer during dialysis.222 After dialysis with PBS for 48 hours, both PEGDOPA and PEG-nitroDOPA had significant amounts of polymer removed. For the PEGDOPA sample, a reduction in the surface coverage of 32.2% was observed. For the PEGnitroDOPA sample, a reduction of 25% of the surface coverage was observed. This is
compared to the PEG-tri(nitroDOPA) sample, which only an 8.1% reduction in surface
coverage was observed. The retention of surface coating density is of the upmost
importance in biological media, as significant reduction of the polymer loading can
significantly lower the steric repulsion of these particles, instigating agglomeration and
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eventual flocculation. From this data, it can be deduced that PEG-tri(nitroDOPA) is a
significantly more robust polymer coating than its counterparts, with very little influence
exerted upon it by biological media and salts.

2.3.4

Zeta Potential Measurements

To characterize the surface potential of the modified magnetic nanoparticles, zeta
potential measurements were made for the three different aqueous suspensions. The
PEG-DOPA, PEG- nitroDOPA, and the PEG-tri(nitroDOPA) had zeta potentials of -4.7,
-5.1, and -12.2 mV, respectively. These near neutral surface charges indicate that
electrostatic repulsion is not a major mechanism of the colloidal stability of these
materials.

2.3.5

DLS

For each polymer-coated sample, DLS was used to determine particle hydrodynamic
diameter as a function of PBS concentration. Intensity weighted hydrodynamic sizes
given by DLS, while not a perfect indication of particle stability, can give a good insight
on how PBS concentrations influence the average particle hydrodynamic diameter. This
information, when compared to calculated theoretical particle size calculated from the
blob model, (Table 1) can give a good indication of the degree of clustering in the system
as a function of PBS concentration.
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Over the course of this DLS study it was observed that particle stabilized with multianchor ligands were significantly more stable that their single functionality counterparts,
which is expected because ligands with more attachment points having a greater ability to
withstand displacement by biological salts. Multiple attachment points favor the steady
state equilibrium of ligands bound to the surface of particles. The partial removal of one
of many anchor groups limits the diffusion of whole ligands away from the surface as
other attachment points remain. For the PEG-DOPA sample (Figure 2.4), particles in
deionized water were measured to have a hydrodynamic diameter of 39.7nm. The initial
predicted hydrodynamic diameter for this sample based upon the polymer surface
coverage from TGA using the blob model was 37.5nm. This indicates that these particles
initially are discrete with no clustering present. The intensity average size of the particle
complex increased with increasing PBS concentration, with a hydrodynamic diameter of
53.4nm in 50% PBS. To achieve 100% PBS, the PEG-DOPA coated particles were
dialyzed against PBS for 48 hours. After dialysis the hydrodynamic diameter of the
system was significantly increased, with severe flocculation occurring. From the total
DLS results (Figure 2.4), which contain both the titration study and the final particle size
after a 48-hour dialysis against PBS, it can be seen that the hydrodynamic size of the
PEG-DOPA coated particles increases significantly with PBS concentration. It can also
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Figure 2.4: DLS image representing the size of magnetite nanoparticles coated with PEG-DOPA. It can be
seen from the image that the average particle size steadily increases with PBS concentration, as well as
long range cluster formation past 1000nm.

be observed that secondary peaks form above 300nm for higher concentrations PBS,
indicating these particles form large aggregates at higher concentrations of PBS. There is
a large shift in the intensity average size for this sample when dialyzed against PBS for
48 hours (100% PBS), resulting in significantly less stable particles. These results along
with comparisons to theoretical calculations indicate that magnetite nanoparticles coated
by a PEG-DOPA polymer are influenced significantly by PBS with long range clusters
forming at higher concentrations of PBS. For the PEG-nitroDOPA coated particles
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(Figure 2.5), significant clustering was observed in the initial particles before
introduction to PBS, which was unexpected. The initial recorded hydrodynamic diameter
was 89.6nm. Since the initial calculated hydrodynamic size based upon the polymer
coating calculated from TGA is 36.7nm, it can be determined that significant clusters are
present initially. When varying concentrations of PBS were introduced to the system, the
main hydrodynamic diameter peak from DLS decreased. The hydrodynamic diameter
recorded at 50% PBS was 44.3 nm. However, even though the results indicate an increase
in particle stability as a function of PBS concentration, a closer examination reveals that
there are significant peaks past 1000nm at higher concentrations of PBS, indicating the
formation of large aggregates, similar to what was observed in the PEG-DOPA coated
samples. The initial peak likely is composed of both discrete and slightly clustered
particles. As PBS is introduced into the system these initial aggregates are likely more
susceptible to additional agglomeration. Also, much was observed in the PEG-DOPA
sample, a significant shift in the intensity average hydrodynamic diameter was seen in the
PEG-nitroDOPA sample after dialysis against PBS for 48 hours. This data suggests that
much like PEG-DOPA, PEG-nitroDOPA particles are significantly influenced by the
presence of PBS.
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Figure 2.5: DLS image of the size of magnetite nanoparticles coated with PEG-nitroDOPA as a function of
PBS concentration. It can be seen that while initially the size decreases with increasing PBS concentration,
long-range cluster formation past 1000nm can still be observed.

For the final sample, the stability of PEG-tri(nitroDOPA) particles was measured as a
function of increasing PBS concentration (Figure 2.6). The initial measured
hydrodynamic diameter was 68.7 nm, which is compared to a calculated hydrodynamic
diameter of 44.8nm. The hydrodynamic diameter of the 50% PBS solution was 73.8nm,
which is compared to a final calculated hydrodynamic of 44.11nm. This indicates an
increase in hydrodynamic diameter of 7.33%. Of the three polymer ligands tested, PEGtri(nitroDOPA) has the smallest increase in particle hydrodynamic diameter as a function
of increasing PBS concentration. Furthermore, no long range aggregates form even at the
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highest concentration of PBS. This indicated that PEG-tri(nitroDOPA) coated
nanoparticles are very stable in biological media with only a very slight change in the
hydrodynamic diameter with increasing PBS concentration. For this sample, the
measured particle size was about 35% larger than what was calculated, which would
normally indicate the presence of initial clustering. However, it can be speculated that
the reason for higher measured values than calculated values is not because of clustering,
rather inadequacies of the blob model for this system because of the hydrophobic inner
layer generated by the mercaptoundecanoic acid and a hydrophilic outer layer from the
PEG. This may be an accurate hypothesis based upon the fact that particle size from
DLS remained constant amongst multiple samples. Furthermore, this sample showed
very little size change after dialysis against PBS for 48 hours, indicating that unlike PEGDOPA and PEG-nitroDOPA, the stability of PEG-tri(nitroDOPA) coated particles is only
minimally influenced by the presence of PBS.
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Figure 2.6: DLS image representing the size of magnetite nanoparticles stabilized with PEG-tronitroDOPA.
It can be seen that the size of these nanoparticles remains relatively unchanged regardless of the PBS
concentration.

2.3.6

Time Dependent Stability Measurements

To further test the stability of these suspensions, the hydrodynamic size of each
suspension was recorded as a function of time in both PBS and FBS. For the PEGDOPA coted magnetite suspension, the hydrodynamic diameter of the sample was
influenced by the presence of both PBS and FBS over time (Figure 2.7). In the 24-hour
period, the Z-average hydrodynamic diameter tripled in size as compared to the same
sample in deionized water, showing signs of both clustering and sedimentation. This
effect was further exaggerated in the FBS study, where the sample showed signs of heavy
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clustering and sedimentation after 6 hours. These results indicated that both PBS and
FBS could readily displace ligands with an L-DOPA anchor and overall interfere with its
ability to sterically stabilize magnetite nanoparticles. This effect was also seen in the
nanoparticles stabilized using nitroDOPA anchor groups (Figure 2.8). In the 24 hour
time period in PBS, the Z-average hydrodynamic size of the PEG-nitroDOPA sample
roughly doubled in size as compared to the sample in deionized water over the same time
frame. Once again, the hydrodynamic diameter of this system was severely influenced
by the presence of FBS, with significantly clustering observed after 6 hours. This
technique of measuring the influence of PBS on the nitroDOPA anchor group did not
display the same effect in earlier studies where the main peak hydrodynamic size
decreased as a function of PBS concentration, as this study displayed steady
hydrodynamic size increase as a function of time.
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Figure 2.7: DLS image representing the long-term stability of magnetite nanoparticles coated with PEGDOPA. It can be seen that both PBS and FBS have a dramatic impact on the size of these nanoparticles,
even to the point of flocculation of the samples after several hours of exposure.

For the magnetite stabilized with PEG-tri(nitroDOPA), the effect of PBS on
hydrodynamic size and particle stability was minimal (Figure 2.9). The sample showed a
2 nm size change over the 24 hour time period and did not display any visual signs of
sedimentation. This was also the case with time dependent studies conducted with FBS,
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Figure 2.8: DLS image representing the long-term stability of magnetite nanoparticles coated with PEGnitroDOPA. It can be seen that both PBS and FBS have an impact on the size of these nanoparticles,
especially FBS.

with a Z-average hydrodynamic size change of 5 nm. The sample also showed no visible
signs of sedimentation, and remained suspended in solution for up to a week after the
time dependent studies were conducted. This evidence further proves that multi-anchor
nitroDOPA polymers are able to stabilize magnetite nanoparticles significantly more than
their monofunctional counterparts.
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Figure 2.9: DLS image representing the long-term stability of magnetite nanoparticles coated with PEGtri(nitroDOPA). It can be seen that both PBS and FBS have a little impact on the size of these
nanoparticles, displaying little size change regardless of the length of time exposed to biological conditions.
It is also important to note that these nanoparticle retained stability long after this experiment was over,
retaining their original size for several months in biological media.

Finally, the long-term stability of the tri(nitroDOPA)-coated sample was tested in a high
salt concentration media. The sample remained unaffected by the presence of the high
salt content over the entire 24-hour time frame (Figure 2.10). Once again the
tri(nitroDOPA) coating is a reliable coating regardless of the surrounding media
conditions. One important note here is that the hydrodynamic size is roughly 30nm
smaller than previously measured samples in deionized water. This is most likely due to
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the interaction of the PEG with the local environment, with the salt concentration

Hydrodynamic Diameter (Z-average, nm)

changing the solvation of the extended ligands.
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Figure 2.10: Graph of hydrodynamic size versus time for the tri(nitroDOPA) coated magnetite particles in a
high salt environment. The stability of the system was unchanged over the 24 hour period.

2.4

Conclusions

Three different polymer systems were tested in this study to observe their ability to
stabilize magnetite nanoparticles and withstand displacement by biological media.
Ligand performance was determined by TGA mass loss and an increase in hydrodynamic
size from titrations with PBS as determined by DLS. Over the course of this study it was
determined that PEG-tri(nitroDOPA) is very capable of stabilizing magnetite
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nanoparticles, and has a very high resistance to be being displaced by PBS. Its stability
in PBS is very comparable to tri-phosphanoate polymers discussed earlier, with both
polymers showing little decrease in polymer surface coverage or clustering in PBS over
24 hors. Further investigation is needed to fully determine which polymer is a more
robust anchor to magnetite nanoparticles. PEG-DOPA and PEG-nitroDOPA performed
poorly, each losing significant amounts of the polymer coating by displacement of
polymers by PBS. The stability of the PEG-DOPA coated particles decreased
significantly as PBS and FBS was added to the system, with both an increase and
broadening of the intensity average hydrodynamic size as well as formation of larger long
range clusters. It is therefore concluded that of these polymers tested, PEGtri(nitroDOPA) is the most effective at stabilizing magnetite nanoparticles in biological
media and retaining stability.
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CHAPTER 3: THE EFFECTOF INTERPARTICLE INTERACTIONS ON
THE HEATING RATE OF AQUEOUS SUSPENSIONS OF
MAGNETIC NANOPARTICLES
3.1

Introduction

One of the more promising future biomedical applications of magnetic nanoparticles is
cancer therapy via magnetic hyperthermia. In the past few years there have been
significant advances in the treatment of cancerous tissue using magnetic hyperthermia as
part of an ongoing effort to reduce invasiveness of current medical treatments.223-225
Magnetic hyperthermia is a general term that refers to the introduction of biocompatible
magnetic nanomaterials into cancerous tissue by either specifically targeting or passive
intake, then heating the tissue with an alternating magnetic field in order to induce cell
necrosis.111 Cancerous tissue has been shown to have a higher sensitivity to heat due to
decreased blood flow and therefore higher acidity, thus allowing most cancerous cells to
be destroyed in the 42-45 ºC range while healthy cells remain relatively unchanged.226, 227
In the case of magnetic hyperthermia, heating to this temperature is achieved by the
interaction of magnetic nanoparticles with an external alternating magnetic field. In order
to bypass the reticuloendothelial (REU) system and other biological responses, most
particle systems used for this treatment are smaller than 25nm and therefore can be
considered superparamagnetic under certain conditions. Superparamagnetic systems are
defined as a particle system in which magnetism can readily overcome the energy barrier
between spin state directions due to thermal activation. By definition these systems
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display no hysteresis at room temperature, and therefore little hysteretic heating as a
result. Therefore most heating attributed to this system in an alternating magnetic field is
from relaxation processes and an increase in friction between the nanoparticle and the
surrounding media from the magnetic nanoparticle repeatedly relaxing and realigning
with the alternating magnetic field. The first relaxation mechanism to consider is
Brownian relaxation, which is caused by the particle both moving randomly throughout
the media and physically rotating to align under an alternating induced field. The other
main relaxation process is Nȇel relaxation, which is defined as the spontaneous flip of
spin state direction given enough thermal energy. There is no external rotation of the
particle in this mechanism, rather an internal rotation of the magnetic moment. There are
many factors that affect both Brownian motion and Nȇel relaxation, including particle
type, nanoparticle core size, stabilizing ligand brush length, frequency, and magnetic
field strength. The particle size contribution to heating, which was discussed in Section
1.5.3.1, has been analyzed elsewhere.164, 175, 176, 190 One of the more interesting
dimensionality factors is a nanoparticle systems stabilizing layer length, as its effect of
heating has yet to be sufficiently reported. Theoretically, increasing the hydrodynamic
diameter should decrease the overall specific absorption rate. This can be seen by
analyzing the equation for the Brownian relaxation time, given by the equation:
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where η is the viscosity of the solution, VH is the hydrodynamic volume of the magnetic
nanoparticles, kB is Boltzmann’s constant, and T is the temperature. The Brownian
relaxation time and the hydrodynamic volume are linearly dependent, meaning as the
total hydrodynamic volume increases the total Brownian relaxation time increases. The
equation for the Nȇel relaxation time is given by the equation:
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where Keff is the effective anisotropy constant and V is the magnetic volume of the
nanoparticle. τ0 is a time constant that depends of several factors including the
temperature, gyromagnetic ratio, saturation magnetization as well as several other
parameters. For simplicity sake, this time constant is usually taken to be in the range of
10-9 seconds.33 These two relaxation mechanisms usually occur at the same time, giving
an overall effective relaxation constant given by the equation:
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However, while both relaxation mechanisms occur in tandem, one mechanism usually
dominates the other which is dependent on the effective anisotropy of the system, the
viscosity of the media, and the size of the nanoparticle. For most magnetic nanoparticle
systems suspended in water, smaller particles are generally dominated by the Néel
relaxation mechanism while larger particles are dominated by the Brownian motion
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mechanism. These relaxation mechanism contribute to the overall power dissipation
function, given by the equation,
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which, when analyzed, can be seen that the power dissipation and the total relaxation
time are inversely dependent. For the equation, µ0 is the permeability of free space, Ms is
the saturation magnetization of the nanoparticle, V is the volume of the nanoparticle, and
τ is the effective relaxation of the system. This means that as the hydrodynamic diameter
increases, the Brownian relaxation time increases, and the power dissipation of the
system decreases. Furthermore, there may be other effects related to the length of the
polymer brush, such as controlling the van der Waals and magnetic attractive forces. The
ligand length may be controlling the structure of any magnetically induced colloidal
arrangements, including clustering and chaining. However, this relationship has not been
fully experimentally validated to this date.

In order to analyze the effects of these variables on the heating rates achieved, a
standardized value has to be calculated in order to negate the effects of varying
concentrations. One of the more common ways to identify the effectiveness at heating
the surrounding media by magnetic nanoparticles is by calculating the specific absorption
rate (SAR), which calculates the amount of energy converted to heat as a function of
mass and time. This value does have some limitations, as it does not account for the
magnetic field strength or frequency in its calculation. For this reason, if accurate
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relationships between core and ligand size and their SAR are to be determined, all
measurements must be made on the same instrument under the same conditions.

The main goal of this research is to investigate the effect of particle size and stabilizing
ligand molecular weight on the heating rate and SAR of magnetite nanoparticles. The
role of ligand length on interparticle interactions inside of an alternating magnetic field
was also investigated. In order to perform this, a matrix of varying molecular weight
gycol) (PEG) ligands (1k, 2k, 5k, 10k, 20k, and 40k g/mol) were attached to 7.5, 17, 20,
and 22nm magnetite nanoparticles. The heating rate of these systems was analyzed as
well as the influence of interparticle interactions on magnetic hyperthermia.

3.2

3.2.1

Experimental

Materials

Linear monofunctional hydroxyl terminated poly(ethylene glycol) monomethyl ether
(PEG-OH) of molecular weights of 1k, 2k, and 5k g/mol were purchased from Sigma
Aldrich and were dried at 100 ºC in a vacuum oven overnight prior to use to remove
water. For the 10,000, 20,000 and 40,000MW polymer, N-hydroxysuccinimide
terminated PEG was purchased from JenKem and used without further purification.
Iron(III) chloride hexahydrate, sodium oleate, dimethyl aminopyridine (DMAP), N,N’dicyclohexycarbodiimide (DCC), N-hydroxysuccinimide (NHS), succinic anhydride, 3,4
dihydroxyphenylalanine (L-DOPA), chloroform, and ethyl ether were purchased from
Sigma Aldrich and used without purification. Tetrohydrofuran (THF) was purchased
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from Sigma Aldrich and was fractionally distilled before use. Iron(III) acetylacetonate
was purchased from Fluka and used without further purification. Oleylamine and oleic
acid (from Sigma Aldrich, 99% purity) was fractionally distilled before use.
Tetrahydrofuran (THF, from Sigma Aldrich) was distilled over calcium hydride before
use to remove water. Dimethyl formamide (DMF, from Sigma Aldrich) was dried over
molecular sieves (4A) before use to remove water.

3.2.2

Magnetite Nanoparticle Synthesis

Magnetite particles of 6.5nm diameter were prepared via a modified method first
presented by Sun et al.39 Briefly, magnetite particles were produced by adding iron (III)
acetylacetonate (Fe(acac)3, .35g, 1mmol) and oleylamine (OAm, 2.5mL, 17.09mmol) in
17.5mL of benzyl ether to a round bottom flask under a nitrogen blanket. The solution
was then heated at 3 ºC per minute to 300 ºC and held isothermally for 1 hour. The
particles were purified by repeated washing with ethanol and centrifugation.

Magnetite nanoparticles of 17, 20, and 22nm were produced using a method first
developed by Park et al.40 First, iron oleate was prepared by the reaction of 20 mmol iron
chloride hexahydrate with 60 mmol of sodium oleate. The mixture was then dissolved in
a mixture of 40 mL of ethanol, 30 mL of deionized water, and 70 mL of hexane in a three
neck round bottom flask. The solution was heated up to 70 ºC with vigorous stirring and
kept at this temperature for 4 hrs. The solution was then cooled to room temperature and
the upper organic layer was separated and washed with water. In the next step, 20 mmol
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of iron-oleate, which was the product from the previous reaction, was mixed with 60
mmol oleic acid and 100 g 1-octadecene. The solution was heated to 105 ºC under
nitrogen, and was held at that temperature for 30 minutes. Afterwards, the reaction was
further heated to 320 ºC with a heating rate of 3 ºC/min and kept at reflux for 1 hour. The
reaction solution was then cooled to room temperature. The ligand to precursor ratio was
varied to achieve particles of different diameters. Purification was achieved by
precipitation using acetone and re-suspension into toluene.

3.2.3

Synthesis of nitroDOPA

NitroDOPA was synthesized according to the method presented in Section 2.2.3.2.

3.2.4

Synthesis of PEG-nitroDOPA of Varying Molecular Weights

The synthesis of varying molecular weights of PEG polymers with a nitroDOPA terminal
group was done by reacting NHS-terminated PEG with nitroDOPA. For the 1000, 2000
and 5000 Da molecular weight polymers a hydroxyl terminated monofunctional PEG
(2000 Da MW, 5 g, 2.5 mmol) was reacted with succinic anhydride (0.5 g, 2.5 mmol) and
DMAP (0.12 g, 1 mmol) in anhydrous THF (20 mL) at room temperature for 8 hours,
yielding a carboxylic acid terminated monofunctional PEG (4.12 g, 78.5% yield). The
polymer was then purified by dissolving it in water and extracting with chloroform. In
the next reaction step, the carboxylic acid terminated PEG (4.12 g, 1.96 mmol) was then
reacted with DCC (.53 g, 2.58 mmol) and NHS (0.23 g, 1.96 mmol) in THF (20 mL) at
room temperature for 4 hours, which resulted in an NHS terminated PEG. Impurities
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were removed from the system using vacuum filtration and precipitation into ethyl ether
(2.98 g, 68.6% yield). Finally, PEG-NHS (2.98 g, 1.34 mmol) was reacted with
nitroDOPA, (0.33 g, 1.34 mmol), in an anhydrous solution of DMF (10 mL) to create a
nitroDOPA terminated PEG. The polymer was purified by precipitation into ethyl ether,
re-dispersion into dichloromethane, and vacuum filtration (1.72 g, 54.6% yield). The
same procedure was used to modify the 1000 and 5000 g/mol MW polymers. For the 1040k polymers, the NHS terminated polymers were commercially available and only the
last step (nitroDOPA addition to NHS polymer) was necessary for the modification of
these polymers with nitroDOPA. Polymer modification was verified by nuclear magnetic
resonance (NMR) spectroscopy by peaks at 6.6, 6.75, 6.85 ppm (CH, ring, DOPA), 2.7,
2.5 ppm (triplets, CH2-CH2, DOPA), 2.1 ppm (O=C-CH2-CH2-C=O, succinic anhydride
addition), and 3.65 ppm (O-CH2-CH2-O, PEG).

3.2.5

Polymer Modification of Magnetite Nanoparticles

To obtain magnetic nanoparticles suitable for use in biomedical applications, the
hydrophobic particles produced in Section 3.2.2 were modified with hydrophilic ligands.
In order to provide consistency to the experimental methods, the same batch of magnetite
nanoparticles was modified with each of the varying molecular weight polymers. The
first step in the ligand exchange was to remove excess oleic acid from solution and some
of the bound oleic acid surfactant stabilizing the particles by repeatedly washing with
ethanol. Following the fourth washing step, nanoparticles were precipitated and
redispersed with dichloromethane (3 mL). To modify 10mg of the magnetite
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nanoparticles with PEG-nitroDOPA, 0.025 mmol of each molecular weight polymer was
dissolved in 4 mL of chloroform. The nanoparticle suspension (3 mL at 3.3 mg/mL) was
then added drop-wise over 30 minutes to the polymer solution while sonicating. The
resulting mixture was then placed on a shake plate and agitated overnight. To purify the
system, particles were precipitated from dichloromethane the following day using a 1:4
volume ratio of chloroform to hexane. Particles were then centrifuged, collected, and
dispersed in water. Dialysis against water was then performed for three days, with
frequent changing of the water, to remove any excess ligand in the system.

3.2.6

Characterization of Aqueous Suspensions of Magnetite Nanoparticle

In order to identify the relationship between particle dimensions (both core and ligand
length), precise characterization of the starting material is needed. This includes
characterizing the magnetite cores via TEM and the hydrodynamic diameter using DLS.
Concentrations were verified using inductively coupled plasma (ICP) and heating rates
were measured using AC calorimetry.

3.2.6.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used to obtain the magnetite core size
distribution of the particle suspension used in this study. Samples were prepared by
dropping diluted water suspension of each particle complex onto a copper grid coated
with a carbon film. High-resolution TEM images were acquired at an accelerating
voltage of 300 kV on a Hitachi H-9500 instrument. Image analysis was performed using
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Adobe Photoshop with Fovea-Pro 4 plugin by Reindeer Graphics©. Approximately 400
particles were measured for each nanoparticle system produced.

3.2.6.2 Dynamic Light Scattering

Dynamic light scattering (DLS) was used to estimate the average hydrodynamic diameter
of each of the PEG coated preparations in the series. Measurements were conducted using
a Malvern Zetasizer Nano ZS using a 633nm wavelength laser and water as the solvent at
25ºC. Intensity weighted average sizes are reported.

3.2.6.3 Inductively Coupled Plasma

The iron concentration of each of the nanoparticle suspensions was determined in
triplicate by inductively coupled plasma optical emission spectroscopy (ICP-OES) of acid
digested samples using a Perkin Elmer Optima 3100RL ICP-OES.

3.2.6.4 AC Calorimetry

Magnetic hyperthermia data was collected using an EasyHeat Induction Heating System
produced by Ameritherm©. Inside the three-turn induction coil contains a Plexiglas
recirculating water bath designed to regulate sample temperature and reduce Eddy
currents produced by the coil. The temperature change in each sample was measured
using a fiber optic temperature sensor from Neoptix™. Data was recorded using
Labview™, measuring temperature every second. Measurements were conducted at150
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kHz frequency and a magnetic field strength of 48 kA/m. Approximately 1mL of each
sample was used to measure the heating rate.

3.2.6.5 Encapsulating Samples in a Polymer Matrix

It order to observe the interactions amongst particles while in an alternating magnetic
field, particles were first dispersed in a crosslinkable polymer matrix of ethylene glycol
methyl methacrylate with AIBN as an initiator. To do this, the concentration of each
sample was adjusted to 1% magnetite by weight. The samples were then freeze dried and
redispersed in 1mL tetrahydrofuran (THF). This suspension of nanoparticles was then
added to 1mL of ethylene glycol methyl methacrylate containing 0.003g of AIBN and
placed in a vacuum oven at room temperature overnight to remove the THF. Afterwards,
the samples were sonicated and vortexed to ensure an even dispersion throughout the
polymer matrix. Raising the temperature of each sample to 70 ºC cured the polymer
matrix. Samples were cured with the alternating field either on or off in order to give a
basis of comparison.

3.2.6.6 Optical Microscopy

In order to observe chain formation as a function of polymer stabilizing molecular
weight, each of the polymerized matrix samples were cut using a razor blade in the
direction of the alternating magnetic field. The samples were then imaged using a
Olympus BX series optical microscope and the 10x objective lens. Images are presented
as a function of polymer molecular weight.

128

3.2.6.7 Vibrating Sample Magnetometer

The same cut samples from imaging using optical microscopy were then measured using
a Quantum Design Physical Property Measurement System (PPMS) vibrating sample
magnetometer (VSM). Room temperature hysteresis loops were gathered of each sample
of varying polymer-coated sample from -1 Tesla to 1 Tesla. Hysteresis loops were
gathered for each sample, both cured inside and outside of the external alternating
magnetic field. For the field cured samples, hysteresis loops were taken of each sample
with the chains parallel and orthogonal to the instrument field direction in order to
analyze the effect of chain direction on the sample’s magnetic properties. The results are
presented as a function of stabilizing molecular weight.

3.3

3.3.1

Results and Discussion

TEM

From the analysis of the TEM images it is evident that the particles used in this study are
approximately 6.5, 17, 20, and 22nm in diameter (Figure 3.1). These samples are fairly
monodisperse each containing one main particle core size. The distribution of the
particle size is a result of the thermal decomposition method used. It can be seen that the
polydispersity of the magnetite nanoparticles increases as a function of increasing particle
size, which is expected due to the methods used. The particle core sizes used in this
study are, in order, 6.5 +/- 1.0nm, 16.9 +/-2.0nm, 20.62 +/- 1.6nm, and 21.9 +/- 1.9nm.
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6.5+/-1.0nm

16.9+/-2.0nm

20.6+/-1.6nm

21.9+/-1.9nm

Figure 3.1: TEM image of the various core size magnetite nanoparticles used for this study (left) along with
histograms (right).
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3.3.2

Dynamic Light Scattering

DLS measurements (Figure 3.2) displayed that that the hydrodynamic diameter of each of
the particles in this series increases with increasing molecular weight of the ligands from
1k to 40k g/mol. This was generally expected due to the fact that increasing the molecular
weight of the stabilizing ligand increases the ligand length, therefore increasing the
hydrodynamic diameter. These particles display very little signs of aggregation as
evidenced by the DLS results and are therefore assumed to be well dispersed in water.

Nanopar=cle(
Core(Diameter(
(nm)(
((

Polymer(Molecular(Weight((g/mol)(
(

1000(

2000(

5000(

10000(

20000(

40000(

6.5(

31.6(

55.2(

71.4(

83.8(

96.1(

101.2(

17(

55.9(

65.6(

81.1(

91.6(

104.2(

121.7(

20(

67.8(

76.4(

88.9(

101.2(

121.5(

142.6(

22(

81.2(

92.8(

104.6(

121.3(

134.7(

159.4(

Figure 3.2: DLS results for varying molecular weight PEG coated magnetite nanoparticles of varying sizes.
It can be seen that the hydrodynamic diameter increases as a function of increasing PEG molecular weight
and particle size.

3.3.3

Alternating Current Calorimetry

Alternating Current (AC) calorimetry was conducted on each of the particles in the series
in order to identify the relationship between magnetic hyperthermia heating rate and
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particle dimension, including core diameter and ligand length. The data recorded from
this series displayed that the SAR of each of the particles in the series increased as a
function of increasing magnetite core diameter. At this field and frequency of the
alternating magnetic field the 22nm particle series displayed the highest SAR as
compared to other nanoparticle core sizes (Figure 3.3).
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Figure 3.3: Specific absorption rate (SAR) of varying molecular weight coated magnetite nanoparticles of
varying core diameters. It can be seen that the SAR increases as a function of particle size. The error bars
on this plot represent the distribution of polymer molecular weights conjugated to each particle size.

The data was much less clear when it came to determining the effect of stabilizing
polymer molecular weight on the SAR of magnetite nanoparticles of varying core
diameter. According to the theory presented in Equation 52 and 53 in Section 1.4.2, the
power dissipation for a given core size magnetic nanoparticle should decrease as a
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function of increasing hydrodynamic diameter due to the reduction in the Brownian
relaxation mechanism. Therefore as the molecular weight of the stabilizing polymer
increases, increasing the observed hydrodynamic diameter, the SAR should decrease.
However, this relationship is not observed in the data until significantly large polymer
layers are attached (>10k g/mol). It is interesting to note that much of the data follows
this pattern (decreasing SAR for increasing molecular weight polymer) for the 10k-40k
polymers (Figure 3.4). It is theorized that the reason for this is that these particles are not
Brownian relaxation dominated, even though they should be according to theory. (Figure
3.5) For this system, the transition between Nȇel dominated and Brownian dominated
particles should occur approximately 13nm. This means that for magnetite nanoparticles
with a core diameter of 13nm or higher, the dominant relaxation mechanism should be
Brownian in nature, whereas increasing the hydrodynamic diameter should decrease the
SAR. This relationship however for the 17, 20, and 22nm particles is not observed unless
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the particles were stabilized with high molecular weight polymers. Based off the results
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Figure 3.4: SAR versus molecular weight for varying core size particles. It can be seen that the relationship
between polymer MW and SAR appears to be random until 10k g/mol, where a steady decrease in SAR is
observed between 10k and 40k.

from previous experiments, coupled with well documented results, it has been
experimentally proven that these particles chain in a static magnetic field.228 It is
hypothesized that if a similar event is occurring in an alternating magnetic field as is
present during magnetic hyperthermia, that the Brownian relaxation mechanism may be
limited due to dipolar magnetic interactions.
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Figure 3.5: Graph depicting the relaxation time vs. nanoparticle core radius for both Brownian and Nȇel
relaxation times. It can be seen that Nȇel relaxation dominates before a core radius of 6.5nm and Brownian
relaxation dominates at larger sizes.

If particles are forming long range magnetically ordered structures in a oscillating
magnetic field, this could explain why no dependence on molecular weight is observed
until higher polymer chain lengths, as particles magnetically “locked” inside a chain
structure may have physical limitations placed on external rotation. The length of the
polymer chain may be preventing the magnetic interaction of particles, therefore
preventing chain formation. This may be one of the reasons why the dependence of SAR
on molecular weight is not what theorized at low molecular weights (Figure 3.5). In
order to observe if chain formation is occurring in these samples inside an alternating
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magnetic field, particles were encapsulated in a polymer matrix during the AC
calorimetry experiment.

3.3.4

Optical Microscopy

In order to analyze the effect of an alternating magnetic field on the colloidal
arrangement of a system of magnetic nanoparticles, the 20nm polymer coated series was
dispersed in an ethylene glycol methyl methacrylate solution containing AIBN according
to the procedure described in Section 3.2.6.5. Each of the varying molecular weight
coated samples were then placed inside the instrument inductive coil, and then
surrounding water bath was then heated to 70 ºC, causing the sample temperature to reach
70 ºC. At this temperature the free radical initiation of AIBN occurs, resulting in the
polymerization of the polymer matrix, locking in the colloidal arrangement of the
particles. This experiment was done with the alternating magnetic field either present or
absent in order to gain a basis of comparison between structures formed freely and in the
presence of an external magnetic field. After reaction at this temperature for 4 hours, the
hardened polymer samples were cut in the direction of the magnetic field and optical
micrographs of each of the particle systems were taken. It can be seen from Figure 3.6
that the stabilizing molecular weight played a dramatic role in the long-range magnetic
interactions of the particles. The 1k polymer coated samples formed magnetic chains
estimated at 300 microns long. The 2k and 5k coated samples also displayed signs of
chain formation, but to a much less extent. Furthermore, the 10k-40k polymer coated
samples showed no visible signs of chain formation. This does not mean that the 10k-
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40k samples did not form chains, they were just not visible using optical microscopy.
This demonstrates that there is a clear dependence on molecular weight on the chaining
of magnetic nanoparticle under the influence of an alternating magnetic field. This may
explain the data from Figure 3.5, where increasing the molecular weight of the stabilizing
layer did not have the predicted result on the measured SAR. It is hypothesized that by
forming long magnetically induced chains, the Brownian relaxation mechanism may be
severely limited inside of these structures. This is most likely due to the physical nature
of the Brownian relaxation mechanism, and the close proximity of neighboring particles
in magnetic dipolar alignment may be preventing the physical rotation of these particles
to align with the direction of the external magnetic field. This may also explain why
particles did display the theoretically predicted trend in SAR at higher molecular weight
stabilizing lengths, due to their prevention of chain formation. Future work in this area
should consider the formation of these chains, as for particles dominated by the Brownian
relaxation mechanism may have severely limited SAR due to the particles interacting and
limiting Brownian relaxation.
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Figure 3.6: Optical micrographs of the polymer encapsulated varying molecular weight polymer coated
particle series. It can be seen from this image that the particle coated with a 1k-5k molecular weight PEG
chained significantly in the presence of an alternating magnetic field, while the 10k-40k samples showed
no visible signs of aggregation.
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3.3.5

Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) was used in order to analyze the effect of
magnetically induced chains of the magnetic properties of the system. In order to do this,
hysteresis loops were measured of the freely dispersed particles locked in a polymer
matrix and chained particles encapsulated in a polymer matrix both in the direction of the
external magnetic field and orthogonal. The slope of the magnetization curves should be
different for each of the three sample types, and may give an indication of the degree of
chaining in the system.229 It can be seen from Figure 3.7 that the magnetization curves of
each sample not only depend on the colloidal arrangement of the system, but the direction
of the sample with the field. Generally it was observed that the magnetization of the
chains show a larger increase with increasing magnetic field than freely dispersed
counterparts (polymer cured without the magnetic field). It is also evident that for lower
molecular weight stabilized systems (1k-5k) the saturation magnetization of the fieldcured samples was larger than the no field cured counterparts. This is due to the large
magnetic structures formed by interacting particles inside an external magnetic field.
This is according to theory, which speculated that chained magnetic nanoparticle
assemblies might behave like a single magnetic rod, which is more sensitive to a
magnetic field than are spherical particles.229, 230 This is due to the alignment of particle
easy axis’s and the magnetic coupling between particles allowing for a greater magnetic
saturation and susceptibility.231, 232 For higher molecular weight samples, hysteresis
loops began to look very similar, especially in the 20k and 40k samples where there is
little to distinguish the types of samples. This is most likely due to very little aggregates
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of chains in these samples, with both field and no field cured samples containing freely
dispersed particles. Furthermore, all magnetically cured samples displayed coercivity,
while the 1k-5k nonmagnetic cured samples also displayed coercivity. This suggests that
there are long-range clusters in these samples, and the coercivity is due to a large amount
of surface anisotropy. This may also be due to the size distribution of the particles, with
some larger ferrimagnetic particles present in the system. These results, coupled with the
optical images, indicate that the polymer layer can significantly reduce the magnetic
interactions between dispersed cores, even to the point of preventing chain formation.
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Figure 3.7: Hysteresis loops for each of the polymer-coated 20nm samples encapsulated in a polymer
matrix. It can be seen that the rate of magnetization is dependent on the colloidal arrangement of the
system.
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3.4

Conclusions

This work attempts to identify the relationship between nanoparticle ligand molecular
weight and the observed specific absorption rate for magnetic hyperthermia systems. It
has been identified that the ligand length plays a dramatic role in the stability of these
systems, especially in the presence of an external magnetic field. The ligand length of
the particle directly controls the interparticle interactions, specifically the ability of a
magnetic nanoparticle to magnetically couple to a neighboring particle forming linear
aggregations of particles. As the ligand length is increased, the distance between
magnetic cores is increased therefore limiting the magnetic interactions of the system.
This indicates that for larger particles, a ligand length of approximately 10k g/mol is
sufficient to limit magnetically induced colloidal arrangements. It is important to
understand the role of magnetically induced colloidal arrangements, as these chain
structures may be limiting the Brownian relaxation mechanism, therefore limiting their
ability to heat surrounding media and their effectiveness as magnetic hyperthermia
agents. Future work in this area is needed to further identify the relationship between
ligand length and SAR, specifically focusing on the fundamentals of chain formation to
gain a better understanding of what is occurring in these systems on the nanometer scale.
Using this gained knowledge, particle systems can be designed to limit chain formation
while optimizing the heat generation of these particles.
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CHAPTER 4: THE EFFECT OF MAGNETICALLY INDUCED LINEAR
AGGREGATES ON THE TRANSVERSE RELAXIVITY OG
AQUEOUS SUSPENSIONS OF MAGNETIC NANOPARTICLES
4.1

Introduction

Magnetic Resonance Imaging (MRI) is a widely used multi-purpose diagnostic technique
that is used to observe the internal anatomy of patients. Recently, there have been
significant advances in the use of magnetic nanoparticles as negative T2 (proton
transverse relaxation time) MRI contrast agents.9, 17, 196, 210, 233-235 Magnetic nanoparticles
enhance T2 contrast by introducing significant magnetic field inhomogeneities to locally
influence the surrounding proton relaxation rates in patient tissue. This effect can be used
to help physicians distinguish between healthy and diseased tissue. The key features of
such contrast enhancement systems are the generation of induced local magnetic field
inhomogeneities by the particles, the ability to functionalize the surface of the particles to
retain colloidal stability, and the ability to deliver the agents to a desired location.148
Particle stability, aggregation, and the overall colloidal structure of these systems play an
important role in each of these key features. For most magnetite nanoparticle contrast
agents, the colloidal structure of these systems in a strong magnetic field is in general
poorly understood. However, even less is known about the relationships between the
colloidal structure of these systems and MRI contrast enhancement. The major
contributors to the colloidal structure of magnetic particles in the presence and absence of
an applied magnetic field are particle core size and the polymer length of the stabilizing

143

layer on the nanoparticle, which can determine inter-particle interactions.136 Both of these
factors can influence colloidal structure inside a magnetic field, specifically the formation
of clusters40 and linear aggregates of particles.236 Since the colloidal structure of these
systems greatly affects the observed R2 (=1/T2),237 cellular uptake mechanisms,27 and
potentially toxicity,238 the effects of the particle size and the stabilizing polymer brush
need to be well characterized both in the presence and absence of an external magnetic
field.

4.1.1

The Effect of Particle Size on Contrast Enhancement

It has been previously reported that T2 contrast enhancement increases with increasing
particle size.9, 146, 204, 239 This phenomena is consistent with theoretical models of the
motional averaging regime where the transverse relaxation rate is proportional to the size
and magnetic moment of the nanoparticle.1 As particle size increases, the extent of the
magnetic field around a nanoparticle grows larger and the averaging effects of diffusion
are reduced, increasing R2. This effect also holds true for clusters of nanoparticles, with
the proton transverse relaxivity increasing with increased cluster size.146, 205 Increase in
particle size is also associated with an increase in magnetization resulting in higher
magnetic field gradients, which also enhance the dephasing of surrounding water protons.
However, the effect of the ligand length of the stabilizing layer on the colloidal structure
of a nanoparticle system inside an applied external magnetic field has not been well
studied and remains inconclusive.
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4.1.2

Understanding the Role of Ligand Brush Length on Proton Transverse Relaxation

Rates

There are several proposed mechanisms on how ligand length may influence the R2 of a
polymer coated magnetite suspension. One hypothesis suggests that the ligand length
may influence the diffusion coefficient of water through the polymer brush surrounding
each particle,240 where increasing the ligand length of these systems reduces the diffusion
coefficient of water, therefore exposing each water proton to high magnetic fields for
longer amounts of time.240 The slowing of water protons through thicker polymer brushes
should increase the transverse relaxivity of these systems, but to date experimental results
have not validated this theory.

Alternatively, a model based on a proton exclusion principle has been proposed.
According to this model, the presence of a densely packed polymer shell around a
magnetic particle may exclude surrounding water protons, thus limiting the access of
these protons to the area of highest field strength at the surface of the nanoparticle
leading to a reduction in proton transverse relaxivity with increasing molecular weight.
There is some experimental evidence to support this hypothesis,241 but the rate of decay is
not consistent with theory and further experimental validation is needed.

A third alternative is that the observed influence of ligand length on the transverse
relaxation mechanism may reside in the role of inter-particle interactions and
magnetically induced linear aggregation. This hypothesis suggests that varying the
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polymer ligand brush length, and therefore varying the inter-particle interactions, may
change the colloidal structure of these systems inside a magnetic field. This hypothesis
originated from observations of time dependence of aqueous suspension of magnetic
nanoparticles. Over the course of several years we have observed three different effects
associated with the time dependence of the proton transverse relaxation rate of various
magnetic nanoparticles in solution. In the first case the particles do not show any time
dependence in R2 and are colloidally stable both in and out of the magnetic field. The
second case occurs for samples of generally lower colloidal stability where large changes
in R2 with time are observed and the samples fall out of solution irreversibly on the
application of a magnetic field. This change in R2 is effectively caused by a change in the
concentration of the particles in solution during the measurement. The final case, which
is reported here, is where substantial changes in R2 with time can be observed but the
tested samples show no macroscopic signs of aggregation or settling during testing. In
these systems the time dependent changes in the relaxivity can often be repeated simply
by removing the sample from the relaxometer and then reinserting the sample back into
the relaxometer. It is hypothesized that the changes in the observed R2 are due to nearly
reversible changes in the colloidal structure of the systems when an external magnetic
field is applied. There have been several studies to date detailing the time dependence of
aqueous suspensions of magnetic nanoparticles.233 However, these studies have only
included polymer encapsulated clusters that interact substantially.233 Theoretical work by
Andreu et al.242 models the interaction of colloids as they form linear aggregates because
of magnetic dipolar interactions.

146

While it is generally appreciated that the transverse relaxation rate, R2, and MRI contrast
increase with increasing particle or cluster size,9, 146, 204, 239 the concept that there is a limit
to this increase in R2, and that R2 eventually decreases as particle size moves into the
echo-limited regime,158 is less well known. The suggestion that linear aggregation could
play a role in driving a nanoparticle system into the echo-limited regime has been
recently proposed243 to explain experimental observations of polymer encapsulated
magnetite clusters showing a consistent reduction in R2 with time in a magnetic field.243246

While this reduction in R2, and hence MRI contrast, has been ascribed to the

formation of linear aggregates, direct evidence for linear aggregation was not provided.
Furthermore, modelling of nanoparticle systems and chains246 predicted R2 would
initially increase, or be stable, before decreasing, which was not consistent with the
immediate reduction in R2 observed experimentally. However, theoretical work by
Andreu et al.247 also modelled the interaction of colloids as they formed linear aggregates
in a magnetic field and predicted the time dependence in R2 observed experimentally.
Monte Carlo simulations by Matsumoto et al.67 indicate that for linear chains comprising
six particles of magnetite (20 nanometer diameter) R2 is reduced compared to an isotropic
cluster of the same number of particles, suggesting that anisotropy of aggregates plays
some role in affecting proton relaxation rates.

These studies have provided a framework to help understand the implications of linear
aggregation of nanoparticle systems, but in the context of biomedical applications further
work is required, particularly with respect to the effect of the stabilizing ligand length on
colloidal structure and stability in a magnetic field. These stabilizing ligands are required
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to generate colloidally stable suspensions, improve biocompatibility, and act as
backbones for targeting functional groups. The major contributors to the colloidal
structure of magnetic particles in the presence and absence of an applied magnetic field
are particle core size and the polymer length of the stabilizing layer on the nanoparticle,
which can be used to modify the inter-particle interactions.144 Both of these factors can
influence colloidal structure inside a magnetic field, specifically the formation of
clusters40 and linear aggregates of particles.236 Since the colloidal structure of these
systems greatly affects the observed R2,237 cellular uptake mechanisms,27 and potentially
toxicity,238 the effects of the particle size and the stabilizing polymer brush need to be
well characterized both in the presence and absence of an external magnetic field.

4.1.3

The Role of Colloidal Arrangements on Proton Transverse Relaxation Rates

The aim of this work is to examine the effect of the polymeric ligand length on the
colloidal structure of magnetic nanoparticle suspensions in a magnetic field and how
these structures affect the proton transverse relaxation rate (R2). Specifically, the scaling
of colloidal linear aggregation as a function of both the stabilizing polymer molecular
weight and the time in a magnetic field via dark field imaging, is described. Next, the
effects of the stabilizing ligand’s molecular weight, the concentration of particles and the
affect of magnetic field strength on the time dependence of R2 were measured. The
observed linear aggregation from dark field was then compared to R2 measurements to
further investigate the role that particle stability and colloidal arrangements have on local
proton environments.
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4.2

Experimental

For this study, five polymer-particle complexes of iron oxide nanoparticles functionalized
with PEG ligands were used. Magnetite particles were coated with PEG molecular
weights of 2000, 5000, 10,000, 20,000 and 40,000 Da. This broad range of molecular
weights allowed for the investigation of the dependence of colloidal structure on
stabilizing layer length, with particle systems ranging from moderately stable to highly
stable.

4.2.1

Materials

The materials used in the synthesis of varying molecular weight polymer coated
magnetite samples was prepared in the same way that was prepared in the previous
Chapter, Section 3.2.1. The only exception to this is that the 1k molecular weight PEG
was not used for this series.

4.2.2

Particle synthesis

The synthesis of iron oleate and magnetite nanoparticles was prepared in a similar
manner as presented in Section 3.2.2.

4.2.3

Synthesis of nitroDOPA

The synthesis of nitroDOPA was done as described in Section 3.2.3.
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4.2.4

Synthesis of PEG-nitroDOPA

The synthesis of PEG-nitroDOPA was prepared as presented in Section 3.2.4.

4.2.5

Nanoparticle Surface Modification

The synthesis of PEG-nitroDOPA was prepared as presented in Section 3.2.5.

4.2.6

Characterization of Aqueous Suspensions of Magnetite Nanoparticle

Dynamic light scattering (DLS) was used to estimate the average hydrodynamic diameter
of each of the PEG coated preparations in the series. Measurements were conducted using
a Malvern Zetasizer Nano ZS using water as the solvent at 25ºC. Intensity weighted
average sizes are reported.

Transmission Electron Microscopy (TEM) was used to obtain the magnetite core size
distribution of the particle suspension used in this study. Samples were prepared by
dropping diluted water suspension of each particle complex onto a copper grid coated
with a carbon film. High-resolution TEM images were acquired at an accelerating
voltage of 300 kV on a Hitachi H-9500 instrument. Image analysis was performed using
Adobe Photoshop with Fovea-Pro 4 plugin by Reindeer Graphics©. Approximately 400
particles were measured for each nanoparticle system produced.
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The iron concentration of each of the nanoparticle suspensions was determined in
triplicate by inductively coupled plasma optical emission spectroscopy (ICP-OES) of acid
digested samples using a Perkin Elmer Optima 3100RL ICP-OES.

Magnetic properties were measured on freeze-dried samples of the particles. The
samples were measured in a 7 Tesla Quantum Design MPMS. The samples were then
dissolved in concentrated nitric acid and measured by ICP-OES in triplicate to determine
the mass of iron in the sample. The magnetisation values are given in units of emu per
gram of magnetite, determined from the ICP-OES analysis. Thermogravimetric Analysis
(TGA) was used to analyze the polymer loading on each nanoparticle series. Polymer
loading was measured by dispersing each particle/polymer complex onto a platinum TGA
pan then heating to 900 ºC on a TA Instruments High Res 2950 instrument at 15 ºC/min.
Typical sample size was between 2-5 mg. The polymer loading was determined by
measuring the decomposition of the organic layer of each suspension, which allows the
number of moles of polymer on the surface of magnetite to be calculated. Tests on pure
PEG stabilizers showed little to no char yield, and therefore the presence of char was
neglected in all calculations. The number of polymer chains in the system was then
divided by the total particle surface area assuming even polymer coverage to give the
polymer chain density at the surface of each nanoparticle, or number of polymer chains
per square nanometer of nanoparticle surface area. The surface area was calculated by
integrating over the particle core size distribution obtained from TEM.
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4.2.6.1 Imaging of Linear Aggregates Using Darkfield Microscopy

To image linear aggregation as a function of time inside a magnetic field, an 8µL droplet
of each nanoparticle sample dispersion was placed between two glass slides. A 64 µm
thick Kapton tape was placed between the ends of the glass slides to keep them separated.
The drop was placed between glass slides and was investigated under the 50x objective of
a BX-51 Olympus microscope. Dark field optical microscopy was used to detect the
chains formed from nanoparticle interaction under an applied external magnetic field. To
supply the external magnetic field, two permanent magnets were fixed with a separating
distance of 12mm, which provided a uniform magnetic field of 0.27 T at the point of
observation. The field was measured using a Hall probe (MetroLab, THM1176-HF) and
demonstrated minimal field gradients near the area of interest. A video camera (SPOT
Imaging Solutions, Inc.) was used for recording the chain formation process. The
captured videos were analyzed using the VirtualDub software available at
(http://www.virtualdub.org).

To estimate the average chain length for each sample as a function of time exposed to an
external 0.27T magnetic field, each image at different time points was imported into
software written with Matlab®. The images were then converted to gray scale and the
pixel brightness values were compared to a threshold value of the average pixel
brightness plus a standard deviation for each image. Starting at the top left hand corner of
the image, the algorithm scans for a bright pixel as compared to the minimum threshold
value. Once a pixel of sufficient brightness was detected, the program then scanned local
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pixel brightness and tracked the length of the chain until the local brightness mean fell
below the threshold value. At the end of each chain where the average pixel brightness
fell below the threshold value, the total number of bright pixels was counted and
converted to microns. The measured bright pixel chain region was then boxed off to
avoid multiple detections of a single chain. After the image was completely analyzed in
such a manner, the function outputs the chain lengths to a Microsoft Excel® file and
wrote a new image containing a graphical interpretation of the detected chains. The
average chain length was then calculated along with the standard deviation based on the
total width of each image (160µm) as a function of time.

To observe the linear aggregates (chains) and gain a better resolution than possible from
optical dark field imaging, the particles were imaged by transmission electron
microscopy (TEM). To accomplish this, particles were dispersed in an agarose gel above
the gelation temperature, exposed to a magnetic field inside a proton relaxometer for 30
minutes at 37 °C, and then locked in place by cooling the gel below its gelation
temperature. The particles in agarose gel were prepared by adding 2 wt% low gelling
temperature agarose (2-Hydroxyethyl agarose, Sigma Aldrich) to 5 mL of 10 mg/mL
2kDa nitro-DOPA coated magnetite. The solution was sonicated for 2 minutes in a probe
homogenizer (Biologics 3000 with a microtip at 40% power and 50% duty cycle) and
then placed into a water bath at 95°C for 10 minutes and then sonicated for a further two
minutes with the probe homogenizer. Two 0.5 mL aliquots were placed in 7.5 mm
diameter NMR tubes and then into a water bath at 37°C. The field-set sample was placed
inside the proton relaxometer and exposed to a magnetic field prior to cooling below the
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gelling temperature. The NMR tube was marked with the magnetic field direction of the
proton relaxometer. The other sample (control) was cooled in the absence of a field.

To make samples suitable for TEM, the agarose gels were infiltrated and embedded with
epoxy resin (Procure 812 kit, Proscitech) and then cut into thin Sections. To embed the
gels, the cylinder of set agarose was pushed from the NMR tubes by cutting the NMR
tube and pushing from one end. The samples were then cut transversely into 1 mm disks
(i.e. in the plane of the field for field set gels). An arc was cut from each disk to keep
track of the magnetic field direction.

Gel disks were then dehydrated in a graded series of ethanol to achieve 100%
concentration of solvent followed by dry acetone and then infiltrated with epoxy resin
(3:1, 1:1, 1:3 acetone to epoxy then 2x changes of 100% epoxy, 1 hour each step). Disks
were then placed into embedding molds and polymerized overnight at 70 °C. Ultrathin
Sections (120 nm) were cut using a microtome (EM UC6, Leica) and placed onto 200
mesh carbon filmed copper grids prior to imaging at 120 kV by a TEM (2100, JEOL)
fitted with a digital camera (Orius SC1000, Gatan).

4.2.6.2 Proton transverse relaxation rate measurements

The time dependence of the proton transverse relaxation rates (R2) was measured using a
Bruker© Minispec Mq10 relaxometer. The central magnetic field strength of this
relaxometer is 0.235 T, comparable to the magnetic field strength used in the dark-field
scattering experiments (see Section 4.2.6.1). The concentration of each particle
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suspension was adjusted to 0.1 mM Fe/L, and confirmed by ICP. Proton transverse
relaxation rates were measured using a Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence using 2000 echoes with an echo spacing of 0.2 ms. Relaxation rate
measurements were recorded every 15 seconds for a period of approximately 20 minutes.
The R2 data as a function of time for each particle suspension was then fitted with a
biexponential decay function:

65)
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Furthermore, to investigate the relationship between particle interactions and linear
aggregate formation, the time dependence of R2 of the 5kDa sample was measured as a
function of particle concentration using a 60 MHz relaxometer. The results are reported
as weighted decay rate (Λw) versus concentration. The weighted rate decay was
calculated using the equation:
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Results

To identify the relationship between polymer brush length and the proton transverse
relaxation rate, a series of magnetite particles were synthesized with a variety of polymer
coatings that ranged from 2k to 40kDa. This broad range of polymer molecular weight
allows for the analysis of particle systems that interact strongly and those that do not. To
determine the influence of linear aggregate formation and size on the proton transverse
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relaxation, this series of particle suspensions was analyzed using dark-field optical
scattering in the same magnetic field strength as used in the relaxometry measurements.
The formation of linear aggregates could then be correlated to the reduction in the total
transverse relaxivity of the system as a function of time.

4.3.1

TEM

From the analysis of the TEM images it is evident that the particles used in this study
have a bimodal distribution of sizes with modes at 17nm and 24nm (Figure 4.1). The
bimodal distribution of the particle size is a result of the thermal decomposition method
used. Owing to the bimodal distribution of the particles, the mean core size of the
magnetite particles is 21.9 nm with a numerical standard deviation of 4.6 nm. To
estimate both the surface coverage and the inter-particle potentials, the particle core size
information was fitted with a bimodal lognormal distribution (Figure 4.1).
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Figure 4.1: TEM image of magnetite nanoparticles used in this study (left). The size distribution is given
on right. It can be seen from the size distribution table that this sample contained a bimodal distribution of
particle sizes centered around 17 and 24nm particles.

4.3.2

Dynamic Light Scattering

DLS measurements (Figure 4.2) indicated that that the hydrodynamic diameter generally
increased with increasing molecular weight of the ligands from 2000 to 40,000 Da. The
predicted hydrodynamic diameters from the modeling (calculated according to Sections
1.2.7.2) (Table 2) were all lower than the measured values from DLS. In general, the
relative deviation between the predicted and measured DLS has an offset of
approximately 36nm for each molecular weight sample. The most likely explanation for
this behavior is that there was some aggregation of particles in suspension, and intensity
weighted hydrodynamic sizes are extremely sensitive to minor amounts of aggregates in
solution.
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Table 2: Table comparing the particle series polymer loading, surface coverage, and predicted theoretical intensity
weighted hydrodynamic diameters versus measured values using DLS. It can be seen that as the ligand length
increases, the blob model more closely calculates the hydrodynamic size due to a reduction in nanoparticle clustering.

Sample'
Name'
2kDa'24nm'
5kDa'24nm'
10kDa'24nm'
20kDa'24nm'
40kDa'24nm'

Weight'
Surface'
Loss'from'
Coverage'
TGA'(%)' (chains/nm^2)'
36.58'
53.14'
67.54'
74.5'
82.8'

3.67'
2.93'
2.69'
1.89'
1.53'

Measured'
Hydrodynamic'
Diameter'(nm)'
105.3'
136.4'
149.9'
171.4'
188.6'

Predicted'
Hydrodynamic'
Diameter'(nm)'
47.45'
68.43'
95.28'
129.03'
180.6'

Figure 4.2: DLS image of PEG-nitroDOPA coated samples of varying molecular weights. The intensity
average size increases as a function of increasing polymer molecular weight.
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4.3.3

Magnetic Measurements

The particles were found to be predominately superparamagnetic at room temperature,
with a small fraction, less than 1%, of the particles showing sign of ferromagnetic
behavior at room temperature. The saturation magnetization of the particles was found to
be 70 emu/g of magnetite at 300K in a 7T field. This is within the range of values (60 –
90 emu/g magnetite) commonly seen for magnetite nanoparticles.248, 249 The samples
rapidly magnetize in relatively small fields so that they achieve over 70% of their
saturation magnetization in a field of 0.25T. The ease of magnetization of the particles is
to be expected given their relatively large size. (Figure 4.3)

Field (kOe)

Field (kOe)

Figure 4.3: Hysteresis loop of the magnetic nanoparticles at 300K. Specific magnetization is measured in units of
emu/g of magnetite as determined by iron analysis of samples using ICP-OES
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4.3.4

Imaging Linear Aggregates

4.3.4.1 Darkfield Optical Microscopy

To better understand the magnetic field-induced colloidal structures of these systems,
dark-field optical microscopy was used to observe the suspensions in a 0.27 T magnetic
field, a field similar to that used for the proton relaxation rate measurements. Initially,
each sample was observed without an applied magnetic field. For the lower molecular
weight stabilized particle systems (2kDa and 5kDa), a small number of clusters of
particles could be seen without an applied external field (Figure 4.4). For the higher
molecular weight stabilized systems (10kDa, 20kDa, and 40kDa), no initial clusters were
visible (the resolution limit of the imaging technique was approximately 1 micron).
Following initial imaging, the 0.27T external magnetic field was applied to each sample
for 300 seconds by sliding a magnet directly underneath the sample droplet. Care was
taken to ensure homogeneity of the magnetic field at the sample level because any field
gradients lead to significant translational movement of the chains. Figure 4.4 shows the
chain formation behavior for each of the 5 polymer coated samples over time. It can be
seen from Figure 4.4 that significantly longer chains are formed in the particles stabilized
with lower molecular weight polymers (2kDa and 5kDa). The 10kDa and 20kDa coated
samples showed a significant decrease in the overall amount of linear aggregation
compared with the 2kDa and 5kDa samples. The 40kDa coated sample showed almost
no sign of visible linear aggregation. It can also be seen in Figure 4.4 that the average
linear aggregate length decreases with increasing molecular weight. It is hypothesized
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that the reason for this effect is that the polymer shell for these larger molecular weight
stabilized particles provides more steric repulsion, which acts to reduce or overcome the
combination of van der Waals and the magnetic interactions of the particles when they
are in a field.

Figure 4.4: Dark field scattering images at varying times for each polymer/particle sample. The average chain length
and size distribution has been annotated on each image. It can be seen that the chain length is directly related to the
polymer stabilizing brush. The field of view in each image is approximately 160 microns

It was also observed during these experiments that formation of linear aggregates appears
to consist of two components; the initial interaction of particle magnetic poles leading to
the formation of linear aggregates, and then shifting of these linear aggregates to form
significantly longer linear structures. One can describe this as a bundling of linear
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structures as if these linear “fibers” are forming “threads”. A similar effect was also
identified by Laskar et al.250 In their experiments, transmitted light intensity through a
magnetic nanoparticle solution was reported as a function of time left inside an external
magnetic field. The formation of small linear aggregates correlated to the initial
reduction of intensity while a secondary increase in transmitted light intensity correlated
to both the longitudinal and lateral interaction amongst linear aggregates. This effect was
especially seen in our 2kDa and 5kDa samples, with the formation of extremely long
linear aggregates consisting of two components, initial aggregation followed by longrange interactions amongst linear formations.

4.3.4.2 Imaging Linear Aggregates Using TEM

The TEM images (Figure 4.5) show that these particles are forming long linear
aggregates in the presence of an external magnetic field presumably because of dipolar
magnetic interactions. Furthermore, the linear aggregates also interact with each other,
which can be seen in Figure 4.5. This observation is supported by video captured in
dark-field optical microscopy, where initial linear aggregation can be observed followed
by linear aggregates interacting with each other.
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Figure 4.5: TEM image displaying both linear aggregation (left) and linear and lateral aggregation (right).

4.3.4.3 Time	
  Dependence	
  of	
  Proton	
  Transverse	
  Relaxation	
  Rate	
  Measurements	
  
The proton transverse relaxation rate of each suspension was measured as a function of
time in a 10MHz Bruker Minispec with a magnetic field of 0.235 T. Figure 4.6 shows
the fractional decrease in R2 as a function of time. All suspensions showed some degree
of time dependence. The magnitude of the fractional reduction in R2 was observed to
decrease as the molecular weight of the stabilizing polymer increased (Figure 4.7). The
decay rate of R2 with time for each polymer can be fitted with a bi-exponential equation
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Figure 4.6: Graph of normalized R2 versus time for varying polymer coated magnetite nanoparticles. The amount of
time dependence for each sample decreases as a function of increasing molecular weight. The decay rate for each
sample was fit using a biexponential decay function, as displayed in equation 65 and 66. The weighted decay rates are
presented in Figure 4.8

from which an amplitude weighted decay rate (Λw) can be determined. Λw decreases
with increasing molecular weight of the polymer (Figure 4.7).

A potential explanation for the observed time dependence of R2 is that as a magnetic field
is applied, particles will assume a dipole-dipole alignment owing to the interaction of the
magnetic poles of the nanoparticles. As these dipolar interactions increase, the colloidal
structure of the particle system is significantly changed into the form of long-range linear
aggregates. The enhancement of the transverse relaxation rate of water protons via
magnetic nanoparticles depends heavily on the access of water protons to a broad range
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of magnetic fields. As these linear aggregates form, the volume of the sample associated
with high magnetic field gradients is reduced. Therefore, as particles aggregate into
linear structures inside a magnetic field, the total transverse
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Figure 4.7: Graph of the weighted rate constant (Λw) versus polymer molecular weight.

relaxation rate of the system is diminished. The biexponential nature of the decay in
relaxation rate is likely related to the two-phase formation of linear aggregates seen in
Figure 4.6 and discussed earlier. The fast initial decay in relaxation rate correlates with
the initial formation of linear aggregates and the large reduction of space associated with
high field gradients, while the slower decay, which dominates at longer times, may
correlate to the long-range longitudinal and lateral interaction of linear aggregates.
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Figure 4.8: A) Graph of weighted rate constant (Λw) versus nanoparticle concentration and B) weighted rate constant
(Λw) versus cubic root of concentration correlating the rate at which particles form linear aggregates to interparticle
spacing.

To elucidate the influence of particle concentration on the time dependence of R2, the
5kDa coated sample was diluted to varying concentrations and the time dependence of
each sample was then recorded in a 60MHz relaxometer. The plots of R2 against time
were fitted with a bi-exponential decay curve and the amplitude weighted decay rates
(Λw) are reported as a function of the cube root of particle concentration in Figure 4.8. Λw
increased significantly as the particle concentration increased. If, as suggested earlier, the
time dependence in R2 is related to the formation of linear aggregates, then at lower
concentrations the time associated with formation of linear aggregates should increase
significantly, as shown here, as the particles would need to move further to form linear
structures. Furthermore, as depicted in Figure 4.8, a linear relationship exists between
the weighted rate constant and the cubic root of concentration. The cube root of
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concentration is used here to depict the formation of linear aggregates as a function of
interparticle distance. From this plot it can be observed that the rate at which particles
form magnetically induced linear aggregates is directly proportional to the interparticle
spacing, which is a function of both particle concentration and ligand brush length.
4.4

4.4.1

Discussion

Theoretical Modeling of Nanoparticle Stability

A modified DLVO model136 was used to calculate the potential energy between two
particles coated with different molecular weight polymers, and the results of which are
shown in Figure 4.9. According to this modified DLVO model, particle systems
stabilized by lower molecular weight polymers (2kDa, 5kDa, and 10kDa) do not provide
sufficient steric repulsion to overcome the van der Waals and magnetic interaction forces
(defined by a total potential energy more than 2kT),251 while higher molecular weight
stabilized systems (20kDa and 40kDa) do. These results are consistent with the
experimental results, where lower molecular weight stabilized systems showed
significant inter-particle interactions in the form of clusters without an applied field and
strong linear aggregation in an applied magnetic field. Higher molecular weight stabilizer
produced samples with no observable clusters in the absence of a field and only weak
linear aggregation in a field.
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Figure 4.9: DLVO modeling of particle series based upon the total potential energy of each system. RH is the
hydrodynamic radius, Rc is the nanoparticle core radius from TEM, ΔCC is the core-to-core separation distance, and ΔSS
is the surface-to-surface separation. For these samples, the polymer layer does not provide sufficient steric repulsion to
overcome magnetic and van der Waals attractive forces until 20,000 Da molecular weight.

4.4.2

Practical Implications of Linear Aggregation

4.4.2.1 Defining Nanoparticle Stability by Using Time Dependent Transverse
Relaxation Rate Measurements

Researchers are always looking to improve the performance of contrast agents by
increasing the relaxivity, however, many modifications that increase the relaxivity may
also decrease the colloidal stability particularly in the presence of a magnetic field.
Hence any measurement of relaxivity should also include some assessment of the time
dependence of the relaxivity. If nanoparticle contrast enhancement samples are time
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dependent then any reported value for the relaxivity is a function of the time in the
measurement field.

One of the more important factors that can influence a particle system’s effectiveness as a
contrast enhancement agent is its stability against aggregation and flocculation. The
stability of nanoparticle-based contrast agents have been shown to have a significant
influence on bio-distribution, renal clearance, and blood circulation half-life.208, 241 The
stability of these systems typically has been measured by DLS, where clustering and
aggregation of particles can be observed by an increase in hydrodynamic diameter.
However, these measurements are extremely sensitive to small numbers of larger
particles, impurities, and dust, which may lead to inaccurate results. Furthermore, these
measurements take place in the absence of an external magnetic field. Measurement of
proton relaxation rates as a function of time in magnetic field, as presented in this report,
represents an alternative method for measuring the stability of magnetic nanoparticles
under the influence of an external magnetic field. If time dependent relaxivity is
observed, it represents a clear indication that particles are aggregating under the influence
of the magnetic field. As our results here indicate such tests can then be used to access
the effectiveness of various polymer stabilizers.

4.4.2.2 Enhanced Cell Toxicology of Linear Aggregates

The formation of linear aggregates has other implications for biomedical applications of
magnetic nanoparticles. Recent research by Bae et al. has shown that the toxicity of
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magnetic particles significantly increases following the application of a magnetic field.238
According to their findings, the increased cytotoxicity was most likely from the enhanced
cellular uptake generated by the formation of field-induced aggregates. Hence care
should be taken to develop systems that minimize field-induced aggregations for
applications where static magnetic fields are applied. As mentioned previously the
degree of field induced aggregation can be assessed using time dependent relaxometry.

4.5

Conclusions

This study provides evidence that the polymer length of the stabilizing layer for magnetic
nanoparticle systems has a significant role in the observed time dependence of proton
transverse relaxation rates. This time dependence is related to the polymer layer affecting
the colloidal arrangement of the magnetite nanoparticle system before introduction of the
sample into an external magnetic field (clustering) and after (linear aggregation). The
polymer length of the stabilizing layer, and the steric repulsion it supplies, plays a
significant role in controlling cluster formation; with lower molecular weight stabilized
polymers appearing moderately clustered according to DLS, and it also determines the
extent of interparticle magnetic interactions. High molecular weight stabilized systems
have significantly weaker attractive interparticle interactions and hence over time
particles are less likely to chain or cluster. The linear aggregation of these systems may
be detrimental to the contrast enhancement. Therefore it is important to design
nanoparticle systems with a sufficient stabilization layer to prevent the magnetic
attraction between cores from overcoming the steric repulsion mechanism resulting in
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stable systems in a magnetic field. Time-dependent R2 measurements can be used to
define particle stability and test for potential linear aggregation over time. Particle
systems that have a sufficient polymer layer to overcome magnetic interactions and resist
linear aggregation will show low or no decay in the relaxation rate with time.
Furthermore, since the measurement of T2 contrast agents is rarely reported together with
the duration of exposure to a magnetic field, comparisons between researchers and
contrast agents may be extremely inaccurate if a sufficient polymer-stabilizing layer is
not present.

Future considerations of this work should also consider the biological impact of linear
aggregation. As the results gathered in this study indicate, linear aggregation increases
the length scale of these particle systems from the nanometer domain to hundreds of
microns long. Furthermore, some of these particle systems may contain residual
aggregates if they have been exposed to an external magnetic field. At this point it is not
well understood how these long linear aggregates affect biological responses and their
toxicology, with initial results indicating that the aggregation of nanoparticles increases
cytotoxicity.106, 238 Future work in this area should not only include elucidating the
increase in cell response from linear aggregation, but also assessing MRI contrast
enhancement agent systems that have sufficient polymer stabilization layers to prevent
the formation of linear aggregates.
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CHAPTER 5: CONCLUSIONS
The stability of magnetite nanoparticles both inside and outside of a magnetic field and
their implications on biomedical applications was observed in this work, specifically
identifying the relationships between the polymer brush and nanoparticle stability. This
work clearly defines the role of ligand length and anchor type on nanoparticle stability,
specifically tailored to the role of nanoparticle stability on the formation of long range
magnetically ordered structures in the presence of an external magnetic field. This work
has explicitly shown that linear aggregation occurs in both static and dynamic magnetic
fields, having applications in both MRI contrast enhancement and magnetic
hyperthermia.

In CHAPTER 2: a novel tri(nitroDOPA) PEG polymer was synthesized and characterized
for the explicit purpose of the stabilization of magnetite in biological media. This is of
great interest due to the fact that many commonly used ligands in literature do not remain
adhered in biological media, and therefore generate instability in the particle system.
This new polymer consists of a PEG backbone with three terminal nitroDOPA groups.
The nitroDOPA anchor group was used because it has been explicitly shown to have
robust adhesion to the surface of magnetite in several previous studies. This polymer,
having three of these nitrocatechol groups, has been shown to provide stability to
magnetite with the ability to withstand displacement to both PBS and FBS over long
periods of time. This is advantageous to its monofunctional counterparts, where
significant loss of polymer coverage was observed paired with the substantial decrease in
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nanoparticle stability. This polymer should be of great interest in future research due to
its ability to stabilize nanoparticles for long periods of time in biological media.

In both Chapter 3 and 4 it has been shown both theoretically and experimentally that
ligand length plays a key role in nanoparticle stability, more specifically controlling
magnetic interactions between nanoparticles by determining the core-to-core separation
distance. In both of these Chapters a study was conducted using large magnetite
nanoparticles coated with varying lengths of PEG, explicitly displaying the relationship
between dipolar magnetic interactions and ligand length. At small ligand lengths
nanoparticles were able to achieve much shorter core-to-core distances than their higher
molecular weight stabilized counterparts, allowing for significantly greater magnetic
dipolar interactions. These magnetic interactions amongst nanoparticles lead to linear
aggregation that spanned upwards of several hundred microns in length. In Chapter 3,
magnetite nanoparticles for use as magnetic hyperthermia agents displayed that linear
aggregation plays a role in the observed SAR. It is hypothesized that the Brownian
relaxation of particles inside of linear aggregates may be severely limited, decreasing the
overall heating rate. In Chapter 4, magnetite nanoparticles that may be used as MRI
contrast agents have been experimentally shown that the linear aggregation of
nanoparticles severely limits the transverse relaxation rate, associated with the overall
reduction of the volume of free space associated with high field gradients. This effect
was shown to be limited at higher polymer stabilizing molecular weights, indicating that
increasing the distance between nanoparticle cores can prevent linear aggregation. This
evidence suggests that careful consideration should be taken when designing magnetite
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nanoparticles for biomedical applications as linear aggregation severely limits
effectiveness in both MRI contrast enhancement and heating rate for magnetic
hyperthermia.
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CHAPTER 6: FUTURE WORK
Over the course of this research it has been observed that while significant progress has
been made in understanding the relationship between polymer ligand length and colloidal
arrangement, more work is needed to understand linear aggregation in biologically
relevant conditions. It is not known how polymer brush density affects colloidal
arrangement, which may be of great interest in biologically relevant media, including
FBS, PBS, and high salinity environments. In order to more fully understand this, the
effect of ligand displacement and interaction with these medias must be more fully
explored. This can be accomplished by further investigating the role of surface chemistry
on the stability of magnetite as well as the role of inter-particle interactions on colloidal
arrangements. Furthermore, more research is needed to understand the role of these
colloidal arrangements achieved in unstable conditions on the overall toxicity and
properties of the system.

6.1

Surface Chemistry of Magnetite

The primary focus of this research group over the past several years has been polymer
modification of magnetite nanoparticles using catechol-based chemistry. There are
several other types of anchor groups commonly employed for attachment to magnetite,
including carboxylic acids, phosphonates, silanes, and amines. At this point no hierarchy
of binding strength exists, and it is not known what anchor group provides the most
robust adhesion to the surface of magnetite. Understanding this hierarchy is extremely

175

important for several reasons, including understanding and designing ligand exchange
mechanisms, and understanding the stability of magnetite nanoparticle systems in
biological environments. While the surface chemistry of other nanoparticle types, such
as gold and silver, magnetite surface chemistry is less well developed due to difficulties
in measuring surface exchange kinetics. The surface chemistry of gold nanoparticles has
been recently explored using the surface plasmon effect252-257 to quench ligands of
various binding groups on the surface of the gold nanoparticle. This work has lead to the
successful creation of a binding strength hierarchy for gold, qualifying thiols as the
highest strength binding group. However, as magnetite does not display surface plasmon
resonance, this same technique cannot be used to determine its surface chemistry. There
are other potential ways to measure binding hierarchy as discussed below.

6.1.1

Measuring Binding Strength Using TGA

Magnetite nanoparticle must retain colloidal stability in biological media for suitability in
many applications. Using the effect of biological media on nanoparticle stability can
therefore be used to determine the hierarchy of anchor group binding strength. This is a
relatively straightforward process where the polymer surface coverage is measured before
and after interaction with biological media. Much like the procedure described in Section
2.2.5.2, magnetite nanoparticles can be coated with various polymer coatings and TGA is
used to determine the initial surface coverage. Each of the varying polymer coated
samples can be dialyzed against PBS for a predetermined amount of time, usually 48
hours. After exposure to PBS for this amount of time, each sample is dialyzed back into
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water and TGA is used to determine the new surface coverage. Particles with the most
polymer retention should have the highest binding strength anchor groups. This method is
currently being used to explore the difference in binding strength between nitroDOPA
and phosphate end groups. This method does have several drawbacks, including low
sensitivity, the measurement of impurities, and length of measurement. As this method
depends on TGA for changes in polymer brush covering, the sensitivity to ligand
displacement is dependent on determining a difference in mass loss. This is inherently
difficult, as small differences in weight loss does not computationally results in large
differences in polymer coverage. Furthermore, as the main mechanism for measuring
binding strength hierarchy depends on the interaction of the phosphate salts present in
PBS, there may be inaccuracies in comparing the displacement rate of a phosphate group
with another phosphate group as compared to the displacement of other anchor groups.
Finally, as this method depends on dialysis against PBS for determination of binding
strength hierarchy, this method requires significant time and purity to produce accurate
results.

Another facet of this potential research is to measure the absorption of proteins to the
surface of magnetite as a function of polymer coating. Since some studies have shown
that nonspecific protein adsorption can cause nanoparticle instability, shortened blood
half-life, and cause a reduction in macrophage clearance,258 it is important to
characterize a nanoparticle interaction with proteins. This can be done by monitoring the
size of the nanoparticles as a function of time of interaction with proteins. A simple
study on protein adsorption of magnetite nanoparticles could be performed inside a DLS
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by monitoring the size change of the particle system as a function of time in BSA or FBS.
Size change could be due to two mechanisms, either displacement of the polymer layer
causing a reduction in the steric repulsion of the system or protein binding to the polymer
or particle surface increasing the hydrodynamic diameter. In either case significant size
change over 24 hours can give an indication of potential instabilities of the particle
system in biological applications. For a more quantitative measurement of protein
binding, TGA can be used to measure the surface coverage of a particle system before
and after dialysis against FBS or BSA. An increase of the surface coverage would
indicate the binding of protein to the surface of the particle system. The change in
surface coverage could then be quantified to give a idea of the protein interaction
potential with the polymer coating and particle system.

6.1.2

Determining Binding Hierarchy Using Radio Labeled Magnetite

One potential and highly accurate method to determine the binding efficiency of different
ligands to the surface of magnetite uses radio labeled ligands on magnetite and measuring
their displacement using a scintillator. This method first involves the synthesis of carbon
14 labeled oleic acid coated magnetite, which our group is actively pursuing. Iron 55labeled magnetite may also be synthesized in order to precisely determine concentrations
without destroying the samples with ICP. Using the initial intensity of incident radiation,
a scintillator can determine the initial concentration of carbon 14 labeled oleic acid. The
particles can then be introduced in solution to various other anchor group ligands and
allowed for displacement of the C-14 ligands to occur. After interaction and
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displacement is allowed to occur, purification of the ligands is of the upmost importance
to determine binding strength hierarchy. The easiest way to purify these ligands is to
have the hydrophobic C-14 labeled particles in non-polar solvent and introduces the
investigated ligands into the particle suspension. For the purpose of this study and ease
of purification, all tested ligands should be water soluble in order for ease of purification.
The easiest and most accurate way to do this would be to use the same molecular weight
PEG and vary the anchor group. It is suggested that a PEG-amine, silane, carboxylic
acid, phosphate, and catechol be used for this study. Once the particles are allowed to
interact with each of the desired ligands, the particles can be precipitated using hexane
and redispersed into water. Once the particles have been purified and in water, the
incident radiation can then be measured of both the water suspension of particles and the
effluent used in purification. This can help determine the amount of C-14 labeled oleic
acid remaining on the surface of the particle and the amount that was removed due to
displacement in the purification effluent. This method also has some drawbacks,
including the use of radioactive material as well as possible loss of signal through
purification. One of the main drawbacks of this method is the amount of solvent needed
to test displacement, as all materials used in this method are considered to be radioactive
waste. One other potential drawback to this method is that all solvent and suspensions
needs to be tested for the presence of radio labeled carbon, and some material may be lost
in the purification process. Special attention to details can solve this however, leaving
only the large volumes of radioactive waste as the only major drawback.
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6.2

Particle Size Relationship with Linear Aggregation

The focus of this research has primarily centered around the role of ligand length on
nanoparticle stability and interactions. As such it has shown that by increasing the ligand
length the core-to-core separation distance can be maximized, minimizing the magnetic
dipolar interactions between nanoparticles, which in turn limits the formation of linear
aggregates. The role of nanoparticle size on linear aggregation formation was not
investigated however. Since it has been proven both exponentially and theoretically that
the magnetic saturation of magnetite nanoparticles increases with increasing particle size
due to more iron atoms present, larger particles should have a higher magnetic attractive
force, thus requiring longer polymer brushes to stabilize them inside a magnetic field in
order to keep the magnetic cores separated far enough to prevent magnetic interactions.
Smaller magnetic particles should therefore require shorter brushes to keep them
magnetically isolated, but this relationship between particle size and ligand length has yet
to be established. One of the simplest ways to determine this particle size/magnetic
interactions relationship is using the method described in Chapter 4, mainly investigating
the time dependence of the transverse relaxivity. As it has been proven that interacting
particles show time dependence in the transverse relaxivity measurement, a simple plot of
the weighted rate constant versus particle size could help determine the role of core size
on magnetic interactions.
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6.3

Understanding Nanoscale Magnetic Interactions

In order to more fully understand the role of magnetic interactions on biological
applications, a better understanding of magnetic interactions between particles at a
nanometer scale is needed. To date, most modeling of the magnetic interactions between
particles makes several assumptions, including that particles are magnetically saturated
inside a perfectly uniform magnetic field field and are in magnetic dipolar alignment.
While this makes for moderately easy calculations, it fails to accurately demonstrate the
true magnetic potential between nanoparticle cores. For example, several particles
researched in this work as well as many particles presented in literature contain
moderately unstable particles that have been shown by DLS to contain large clusters in
solution. This distribution of cluster sizes makes the overall magnetic interaction
potential a significantly more complex problem. In order to investigate the true magnetic
potential between magnetite cores stabilized with varying molecular weights, zero-field
cooled/field cooled loops (ZFC-FC) can be performed. By measuring the magnetization
and normalizing for magnetite content, the overall interparticle interactions can be
determined as a function of polymer stabilizing molecular weight.

6.4

The Cytotoxicity of Linear Aggregates

As discussed in Chapter 3 and 4, the magnetic interactions of magnetite nanoparticles
inside of an external magnetic field often lead to the formation of large linear chain-like
aggregates. These occur in both static (MRI) and dynamic (magnetic hyperthermia)
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magnetic fields. These linear aggregates may not only be detrimental to their desired
applications (contrast enhancement and cancer therapy), but also may be inducing
unwanted toxicological effects. As recent research has shown,238 the presence of linear
aggregates of magnetite nanoparticles significantly increases the cytotoxicity of such
particles. This may contribute to some of the cell death reported in literature by magnetic
hyperthermia, especially in cases where little temperature rise was recorded.259-262 To
investigate this effect, the role of linear aggregation on cell viability needs to be
investigated as a function of both a static and dynamic magnetic field. To do this, three
cell viability studies need to be performed. In the first one, cell death as a function of
dispersed magnetite particles outside of a magnetic field is needed. In the second cell
culture, the same particle system needs to be introduced to the cell culture as well as a
static magnetic field. In the third cell culture, the same particle system needs to be
introduced to the cell culture as well as a dynamic magnetic field of the same magnetic
field strength of the static magnetic field. It is important here to make sure that the
magnetic field is strong enough to cause dipolar interactions amongst particles to form
chains, but not sufficient enough to stimulate heat generation in the dynamic system.
Comparisons can then be made in cell death due to the presence of the static and dynamic
magnetic field to verify if cell death in hyperthermia systems where no detectable
temperature rise occurs is due to chain formation or other mechanisms. Significant more
research is needed in this area, as linear aggregates may be forming in magnetite
nanoparticle systems considered to be colloidally stable and useful for magnetic
hyperthermia.
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